UNCLASSIFIED 


XOTICl:  Hhen  goyeznMnt  or  other  dravlogi,  speci- 
fleationa  or  other  data  are  used  for  any  purpose 
other  than  In  connection  vith  a  definitely  related 
foremaent  prooureaeent  operation,  the  U.  S. 
Otovemaent  thereby  Incurs  no  responsibility,  nor  any 
obliflation  ehat soever;  and  the  fact  that  the  Qovem- 
■ent  aay  have  fosBulated,  furnished,  or  in  any  vay 
supplied  the  said  dzavlngs,  specifications,  or  other 
data  is  not  to  be  regarded  by  isqpUcatlon  or  other- 
vise  as  in  any  aanner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rlf^ts 
or  peznlssioD  to  ■anufhcture,  use  or  sell  any 
patented  inveotion  that  asy  in  any  vay  be  related 
thereto. 


ponsored  by  Air  Research  and  Development  Command 
UNITED  STATES  AIR  FORCE 


LOCKHEED  NUCLEAR  PRODUCTS 

Lockheed  Aircraft  Corporation,  Georgia  Division 


5^-6233 

NR  51 


VOLUME  4  OF  6 

Electronics  and  Semi-Conductors  Papers 


1 


Third  Semi-annual  28 

radial  effects  symposium 

28-30  October  1958 


SfN>n>or*<l  by 

Air  Mwrcb  omI  P«vloywi>nt  Commond 
UNITIO  STATiS  AIR  FORCi 


LOC  KHiEO 


NUCLEAR  PRODUCTS 


LOCKHEED  AIRCRAFT  CORPORATION 
GEORGIA  DIVISION  MARIETTA.  GEORGIA 


FOREWORD 


The  proceedings  of  the  Third  Semi-Annual  ANP  Radiation 
Effects  Symposium,  held  at  the  Dinkler-Plaza  Hotel  ?n 
Atlanta,  Georgia,  October  28  through  30,  1958,  ore  in 
six  volumes*  Each  of  the  first  five  volumes  presents  the 
unclassified  papers  from  one  of  the  five  sessions;  the  sixth 
volume  presents  classified  papers  from  ail  five  sessions. 

Each  volume  contains  a  complete  table  of  contents  and 
an  Index  of  authors.  Volume  One  contains  a  list  of  the 
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THE  EFFECTS  OF  RADIATION  .ON  VARIOUS 
RESISTOR  TYPES* 

by 

E.  R.  Pfaff  and  R.  D.  Shelton 

Admiral  Corporation 
Chicago,  Illinois 

ABSTRACT 

A  study  of  the  effect  of  nuclear  radiation  on  various 
types  of  resistors  revealed  interesting  trends  and  several 
possible  damage  mechanisms,  most  of  which  seem  to  be 
associated  with  the  boron  content  in  the  components.  Film 
type  resistors  consisting  of  a  glass  core  containing  boron 
and  a  conducting  film  with  no  boron,  showed  greater  damage 
when  the  film  was  thin  (high  resistance  values).  It  is  prob¬ 
able  that  in  this  case  the  (n,  a)  reaction  in  boron  removed 
some  of  the  atoms  from  the  thin  conducting  film. 

Resistors  having  a  core  with  no  boron  but  with  a  boro- 
carbon  conducting  film  showed  greater  damage  when  the  film 
was  thick  (low  resistance  values).  It  is  conjectured  that 
since,  in  this  case,  all  of  the  boron  is  in  the  conducting  Him, 
there  is  more  recoil  energy  deposited  in  the  conducting  layer 
having  the  thicker  film. 

Wire -wound  resistors  having  a  vitreous  enamel  coating 
had  resistance  changes  greater  than  could  be  attributed  to 
temperature  coefficient  or  a  change  from  a  disordered  to 
ordered  arrangement  in  the  wire.  There  is  some  evidence 
that  the  vitreous  coating,  sometimes  containing  a  large 
amount  of  boron,  changes  density  sufficiently  to  distort  the 
wire  and  increase  the  resistance  of  the  unit  by  as  much  as 
6  percent. 


*This  work  was  supported  by  the  United  States  Air  Force 
through  the  Electronic  Components  Laboratory  of  Wright 
Air  Development  Center. 
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INTRODUCTION 


The  reaistor  types  studied  included  wire -wound,  composition^  and 
film  types.  The  irradiation  facilities  were  the  CP-£  reactor  of  the 
Argonne  National  Laboratory,  t^  MTR  of  the  National  Reactor  Test 
Station,  amd  a  20,000  curie  Co  source.  The  approximate  radiation 
fields  of  these  facilities  are  summarized  in  Table  1,  The  period  of  irra¬ 
diation  was  from  one  to  three  weeks. 

In  interpreting  the  effects  of  radiation  on  resistors,  a  number  of 
possibilities  need  to  be  considered.  The  most  probable  cause  of  resistance 
change  is  associated  with  a  change  in  the  resistive  element.  There  are 
possibilities  of  parallel  lealmge  paths  occurring  because  of  a  deterioration 
of  core  or  coating  material.  Secondary  effects  may  result  from  damage 
to  coating  layers  and  accelerated  aging  tuxd  corrosion. 

Except  in  evacuated  systems,  there  is  always  a  cloud  of  ions  sur¬ 
rounding  electronic  components  in  radiation  fields,  and  if  there  are 
potential  differences,  small  currents  will  flow.  As  a  rule,  these  currents 
were  of  the  order  of  millimicroamperes  in  our  experiments,  and  ware  not 
important  in  our  resistance  measurements.  It  is  possible  to  reduce  these 
currents  greatly  by  using  conventional  electrostatic  shielding  techniques 
and  to  reduce  the  volume  of  air  from  which  ions  are  collected. 

WIRE-WOUND  RESISTORS 

Figure  2  shows  a  typical  wire -wound  power  resistor  similar  to  those 
studied  in  this  program. 

Wire -wound  resistors  arc  usually  considered  to  be  quite  radiation 
resistant.  In  general,  the  resistance  increases  with  irradiation,  and  there 
are  very  few  resistors  which  show  a  decrease  in  resistance,  htanganin 
decreases  in  resistance  due  to  temperature  change  but  this  change  is  very 
slight  (15  parts  per  million).  The  power  resistors  usually  consist  of  nickel- 
chromium  alloy  wire-woxmd  on  a  ceramic  tube  and  covered  with  a  vitreous 
enamel.  All  of  these  constituents  arc  radiation  resistant.  Wire-wound 
precision  resistors  fortunately  show  less  change  during  irradiation  than 
the  power  resistors. 

Figu  re  3  shows  the  effect  of  reactor  irradiation  upon  this  type  of 
wire -wound  power  resistor. 

After  studying  the  construction  and  the  behavior  of  the  wire -wound 
resistor,  we  have  come  to  several  conclusions.  The  general  increase  in 
resistance  indicates  that  it  is  the  wire,  rather  than  the  surroiuxding 
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provides  a  fission  environment 


Figure  3  Percent  Change  of  Average  Resistance  of  RW3iV  Fixed  Wire-Wound 

Power  Resistors  In-Pile 


material,  which  is  giving  the  effect.  However,  if  we  consider  the  work  of 
others  in  the  field,  we  cannot  attribute  all  of  the  changes  during  irradimUoo 
to  a  change  in  the  order -disorder  state  of  the  wire. 

Mr.  J.  C.  Wilson  of  ORNL  has  made  studies  of  evenohm  and  inconel 
wire  containing  about  80%  nickel  and  20%  chrome  ^d  found  that  radiation 
increases  the  resistance  about  2%  for  a  dose  of  10^°  fast  neutrons  per  cm^ 
and  that  copper  shows  practically  no  change  for  the  same  dose. 

The  initial  state  of  the  metal  proves  to  be  important  in  the  radiation 
damage  pattern  and  change  in  resistance  under  irradiation  is  believed  to 
be  connected  with  the  order-disorder  transitions  in  the  metal.  This  resist¬ 
ance  increase  is  the  result  of  a  change  from  a  disordered  to  ordered 
arrangement.  However,  in  the  case  of  gold -copper  alloys  an  increase  of 
resistance  due  to  irradiation  is  due  to  an  order  to  disorder  transition. 

A  discussion  on  this  subject  with  Mr.  Jim  Howe,  Director  of 
Xngineering  at  the  Ohmite  Mfg.  Co.  ,  was  very  helpful.  I  learned  that 
refiring  this  type  of  resistor  to  temperature  of  1800*^  would  often  increase 
the  resistance  as  much  as  6%.  This  change  is  caused  by  the  changing 
density  of  the  vitreous  enamel  coating  stretching  the  resistance  wire. 

Our  experience  with  glass  has  shown  that  several  types  of  glass 
tend  to  become  more  dense  under  irradiation,  and  we  know  that  wire 
changes  resistance  when  under  stress.  We  suspect,  therefore,  that  some 
of  the  change  in  resistance  results  from  dimensional  changes  caused  by 
radiation.  The  use  of  coating  enamels  with  significant  amounts  of  boron 
makes  dimensional  changes  much  more  probable,  since  boron  glass  is 
known  to  be  very  susceptible  to  dcnsification  by  neutron  irradiation. 

Samples  of  various  types  of  glass  supplied  by  Dr.  Vaughn  Culler  of 
the  Corning  Glass  Works,  and  irradiated  by  Admiral,  underwent  density 
changes  of  up  to  1%  for  certain  types  which  contained  boron.  Other  samples 
containing  no  boron  underwent  density  changes  from  0  to  .  06%. 

The  precision  wire-wound  resistors,  pictured  in  Figure  4,  were 
bobbin  wound,  and  the  epoxy  resin  coating  layer  was  not  so  closely  inte¬ 
grated  with  the  wire.  The  relatively  small  changes  in  the  precision 
resistors  during  irradiation,  as  compared  with  the  power  resistors,  may 
result  from  the  different  type  of  construction,  as  well  as  the  different  type 
of  coating. 

Figure  5  shows  the  effect  of  pile  irradiation  on  this  type  of  resistor. 
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Figure  5  Average  Percent  Change  from  the  Nominal  Resistance  Value  of 

AFRT  19  Precision  Wire-Wound  Resistors  In-Pile 


Figure  6  indicates  that  some  damage  did  occur  to  the  coating  and 
that  the  slight  changes  that  did  occur  may  have  been  due  to  gas  evolution, 
temperature,  and  in  the  case  of  the  high  resistance  values,  a  change  in 
resistance  of  the  coating. 

COMPOSITION  RESISTORS 

Composition  resistors  are  the  most  unstable  of  all  the  resistor 
types  and  usually  have  the  least  rigid  specifications  on  environmental  and 
aging  effects.  In  many  experiments  it  has  been  impossible  to  separate  the 
radiation  effects  from  changes  which  normally  occur  with  variations  in 
humidity,  temperature,  and  aging. 

Most  reactors  operate  with  a  carefully  controlled  external  environ¬ 
ment.  However,  severe  temperature  gradients  sometimes  exist  within 
reactors  as  a  result  of  radiation  heating,  and  the  humidity  inside  the 
reactor  is  considerably  lower  than  that  outside  the  reactor.  The  neces¬ 
sity  of  maintaining  a  supply  of  cooling  air  sometimes  leads  to  a  greater 
than  usual  air  flow  about  the  component. 

Fixed  composition  style  resistors  consist  of  a  pellet  of  a  nearly 
homogeneous  mixture  of  carbon  and  resin  binders  enclosed  in  a  phenolic 
case.  The  resistors  of  larger  nominal  value  appear  to  undergo  a  greater 
relative  change  during  irradiation.  This  fact  suggests  either  than  the 
conducting  carbon  decreases  in  resistance  or  that  elements  of  the  resistor 
other  than  the  carbon  decrease  in  resistance. 

Our  experience  with  a  variety  of  dielectrics  leads  us  to  suspect  both 
the  resin  binder  and  the  phenolic  case  of  contributing  to  the  decrease  in 
resistance.  The  extra  leakage  afforded  by  the  deterioration  of  these 
dielectrics  would  be  more  strongly  in  evidence  in  the  resistors  of  larger 
nominal  value. 

It  is  conceivable  that  the  radiation  causes  a  lower  resistance 
rearrangement  of  the  carbon,  or  that  the  pressure  of  gas  liberated  in  the 
phenolic  shell  reduces  the  resistance  of  the  pellet.  It  is  more  reasonable, 
however,  to  believe  that  the  major  part  of  the  resistance  change  caused  by 
radiation  is  attributable  to  changes  in  the  resin  binder  and  the  phenolic 
case. 


Figure  7  shows  the  effect  of  reactor  irradiation  on  typical  composi¬ 
tion  carbon  resistors.  As  stated  before,  the  normal  changes  due  to  aging 
are  so  great  that  it  is  difficult  to  determine  if  there  is  any  radiation 
effect  at  all. 


9 


Post  irradiation  illustration  of  AFRTI9BIOOROD  resistor 


Pre  irradiutlon  Illustration  of  AFRT19E1OOH0D  resistor 


FIGURE  6 
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Figure  7  Average  Percent  Change  from  the  Nominal  Resistance  Value  of 

Five  Percent  Carbon  Composition  Resistors  In>Pile 


FILM  RESISTORS 


The  conductive  films  of  many  film  resistors  have  thicknesses  of  the 
same  order  of  magnitude  as  the  atomic  displacements  caused  by  radiation. 
Consequently,  the  transport  of  material  into  and  out  of  the  film  becomes 
an  Important  consideration  in  the  study  of  radiation  damage.  It  is  easy  to 
visualize  that,  the  thinner  the  film,  the  more  likely  a  recoil  atom  will  be 
to  leave  the  film.  Likewise,  the  relative  percent  transport  of  foreign 
material  into  the  film  increases  as  the  film  becomes  thinner. 

Transmutation  of  atoms  is  not  important  in  causing  resistance  changes. 
Even  in  electronic  devices  such  as  transistors,  in  which  minute  amounts 
of  impurities  are  detectable,  transmutation  is  considered  to  contribute 
only  a  small  fraction  of  the  total  damage  during  a  fast  neutron  irradiation. 
Although  a  film  may  contain  boron,  the  percentage  of  atoms  transmuted 
is  too  small  to  account  for  the  observed  resistance  changes.  For  example, 
an  atoxn  with  a  capture  cross  section  of  4,  000  barns  has  a  probability  of 
4  X  lO"^  of  being  transmuted  by  an  integrated  flux  of  10^^. 

10 

The  capture  of  a  neutron  by  a  B  nucleus  results  in  a  highly  excited 
nucleus  which  splits  into  He'  and  Li  with  an  average  total  kinetic  energy 
of  2.  35  mev.  These  energetic  recoils  have  low  penetrating  power  and 
dissipate  their  energies  in  less  than  0.  001  inch. 

Some  of  the  film  resistors  have  a  glass  core  containing  an  appreciable 
amount  of  boron.  It  has  been  observed  that  glass  exposed  to  soft  x-radia- 
tion  develops  a  chalky  surface  and  that  some  types  of  glass  exposed  to 
nuclear  radiation  shrinks  and  increases  in  density.  The  surface  effect  on 
x-ray  tubes  occurs  because  a  large  amount  of  the  soft  radiation,  not  pene¬ 
trating  far  beneath  the  surface,  causes  the  surface  glass,  as  it  becomes 
more  dense,  to  crack  away  from  the  main  body  of  the  glass,  which  is 
relatively  unaffected. 

Neutron  absorption  in  boron  glass  is  not  uniform  because  of  self¬ 
shielding,  but  is  not  strictly  a  surface  effect.  Since  the  distribution  of 
neutron  absorption  is  not  uniform,  the  resulting  densification  is  not 
uniform.  Thus,  strains  are  created  in  the  glass. 

The  film  resistors  usually  employ  a  very  hard,  thin  film  which  is 
closely  bound  to  a  core  material  of  glass  or  ceramic.  If  any  deformations 
or  cracks  of  the  core  occur,  the  effect  should  be  transferred  to  the  film. 

The  absence  of  complete  failures  indicated  that  the  core  materials 
commonly  used  has  remained  Intact.  The  gradual  increase  of  resistance 
during  irradiation  implied  that  the  film  was  becoming  less  conductive, 
either  because  of  a  disordering  of  the  crystalline  state  or  because  of  a 
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transport  of  material  by  radiation.  The  greater  percentage  increase  in 
resistance  of  the  higher  re8ist2mce  values  indicated  that  the  transport 
hypothesis  was  more  reasonable,  it  being  readily  demonstrable  that 
relative  transport  is  greater  for  thinner  films. 

Fi^ire  8  shows  the  effect  of  reactor  irradiation  on  a  group  of 
resistors  having  a  tin  oxide  coating  on  a  pyrex  glass  core.  The  pyrex 
core  contains  a  considerable  amount  of  boron.  I  would  like  to  call  your 
attention  to  the  fact  that  the  amount  of  ds.mage  increases  as  the  value  of 
the  resistor  is  increased,  the  higher  resistance  of  course  requires  the 
use  of  a  thinner  film. 

Figure  9  shows  the  damage  resulting  from  reactor  irradiation  on 
typical  boro-carbon  film  resistors.  As  in  the  case  of  the  previous 
resistors,  1  think  it  is  obvious  that  the  damage  is  due  to  the  displacement 
of  atoms  from  the  conducting  film,  and  possibly  a  change  in  the  crystalline 
structure  of  the  conductor.  It  is  interesting  to  note  that  these  resistors 
have  a  boro-carbon  film  on  a  ceramic  core  containing  no  boron.  In  this 
case  all  of  the  boron  is  in  the  conducting  film  and  the  thinner  the  film  the 
less  boron  in  the  resistor.  Also  in  the  case  of  a  very  thin  conducting  film 
containing  boron,  much  of  the  recoil  energy  would  be  dissipated  outside 
of  the  film.  The  resulting  damage  pattern  is  quite  different,  from  the  case 
where  the  boron  is  in  the  core,  in  that  the  higher  value  resistors  show  the 
least  damage  and  the  relatively  thick  film  of  the  lower  value  resistors 
show  the  greater  change. 

Figure  10  shows  the  effect  of  reactor  Irradiation  on  crystalline 
carbon  deposited  film  type  of  resistors.  Since  neither  the  film  or  the 
ceramic  core  contained  any  boron  the  spectacular  damage  associated  with 
the  two  previously  described  resistors  is  not  present.  It  is  quite  possible 
that  the  relatively  slight  change  in  these  resistors  may  not  be  due  to 
radiation  damage. 
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Figure  8  Average  Percent  Change  from  Nominal  Resistance  of  Pyrex  Core 

Stannic  Oxide  Film  Resistors  In -Pile 
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Figure  9  Average  Percent  Change  from  the  Nominal  Resistance  Value 
RN20  (Boro  Carbon)  Deposited  Film  Resistors  In -Pile 


Figure  10  Average  Percent  Change  from  Nominal  Resistance  Value  of  RN20X 

Crystalline  Carbon  Film  Resistors  In-Pile 


RADIATION  EFFECTS  IN  COMPOUND 
SEMICONDUCTORS* 


by 

L.  W.  Aukerman  and  R.  K.  Willardson 

Battelle  Memorial  Institute 
Columbus,  Ohio 

The  properties  of  semiconductor  devices  (such  as  tran¬ 
sistors  and  rectifiers)  depend  strongly  on  minority-carrier 
lifetime,  carrier  concentration,  and  mobility.  These  para¬ 
meters  are  strongly  affected  by  nuclear  irradiation.  For  the 
design  of  a  device  relalilvely  insensitive  to  radiation  damage, 
semiconductors  composed  of  heavy  atoms  and  having  a  high 
minority-carrier  mobility  and  a  large  energy  gap  are  desir¬ 
able.  The  properties  of  several  compound  semiconductors, 
including  AlSb,  InP,  GaAs,  CdTe,  and  InSb,  are  compared 
with  respect  to  the  above  criteria.  Investigations  of  the  effects 
of  fast-neutron  irradiation  on  these  compounds  are  reported. 
Annealing  and  heat-treatment  studies  before  and  after  irradia¬ 
tion  are  discussed. 


INTRODUCTION 


A  study  of  the  effects  of  energetic  radiation  on  the  electrical  proper¬ 
ties  of  semiconductors  may  be  expected  to  provide  valuable  insight  into  the 
fundamental  mechanisms  of  radiation  effects,  as  well  as  to  yield  informa¬ 
tion  which  will  be  useful  in  the  design  of  radiation-resistant  devices.  The 
electrical  properties  of  semiconductors  are  essentially  determined  by 
crystal  imperfections  and  are  thus  quite  sensitive  to  defects  produced  by 
irradiation.  For  example,  to  change  the  residual  resistivity  of  copper  10 
per  cent  requires  a  fast-neutron  flux  of  10^^  neutrons  per  cm^.  But  the 
resistivity  of  0.  1  ohm-cm  germanium  is  increased  10  per  cent  by  a  flux  of 
10^^  neutrons  per  cm^  and  the  forward  resistance  of  a  silicon 

s  This  tesesich  was  supponed  in  whole  or  In  pan  by  the  United  States  Air  Force  under  Contract  No.  33(616}- 
3747,  monitored  by  the  Aeronautical  Research  Laboratory,  Wright  Air  Development  Center. 
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conductivity-modulated  rectifier  is  increased  10  per  cent  by  a  flux  of  only 
4  X  10^®  neutrons/cm^. 

Figure  1  shows  a  classic  example  of  the  changes  in  conductivity  of  a 
semiconductor!,  InSb,  with  fast-neutron  bombardment,  s-  A^-type  InSb  with 
an  initially  large  carrier  concentration,  the  upper  curve,  undergoes  a 
monatonic  decrease  in  conductivity  and  approaches  a  saturation  value  with 
large  flux.  The  conductivity  of  the  initially  P-type  specimen  (lower  curve) 
first  decreases,  goes  through  a  minimum,  and  then  increases,  eventually 
approaching  the  saturation  value  of  the  n-type  sample. 

Hall -coefficient  measurements  indicate  that  on  the  low-flux  side  of 
the  minimum  the  sample  is  p-type,  and  on  the  large -flux  side  of  the  mini¬ 
mum  the  sample  is  n  -type.  At  first  the  concentration  of  holes  is  decreas¬ 
ing,  and  after  the  minimum  the  concentration  of  electrons  is  increasing. 
This  behavior  is  understood  to  result  from  the  fact  that  the  defects  intro¬ 
duced  tend  to  produce  n  -type  behavior  of  a  certain  electron  concentration. 
Stated  more  precisely:  bombardment  produces  donors  and  acceptors  in 
equal  concentrations,  but  the  distribution  of  the  energy  levels  associated 
with  these  donors  and  acceptors  is  such  that  most  of  the  levels  lie  in  the 
half  of  the  forbidden  band  nearest  the  conduction  band.  In  some  semicon¬ 
ductors,  for  example  germanium,  this  behavior  is  reversed,  the  distribu¬ 
tion  of  the  levels  being  such  as  to  make  a  specimen  p-type,  regardless  of 
its  initial  type.  In  silicon,  the  bombardment-produced  levels  are  distri¬ 
buted  quite  symmetrically  so  that  both  n  -  and  p  -type  specimens  tend  to 
become  intrinsic  (i.e.  ,  the  carrier  concentration  approaches  the  lowest 
possible  value).  It  is  usually  assumed  that  the  vacancies  are  acceptors 
and  the  interstitials  are  donors.  ^ 

The  mobility  of  the  carriers  is  also  affected  by  irradiation,  since  the 
defects,  which  are  usually  ionized,  act  as  additional  scattering  centers. 
The  changes  in  mobility  are  usually  not  as  evident  as  the  changes  in  car¬ 
rier  concentration.  For  example,  in  Figure  1,  eventually  the  two  curves 
should  bend  slightly  downward  due  to  the  decrease  in  mobility.  These  two 
specimens  did  not  receive  enough  bombardment  for  this  effect  to  become 
noticeable. 

The  minority-carrier  lifetime  is  even  more  sensitive  to  bombard¬ 
ment  than  the  conductivity.  This  fact  is  illustrated  by  the  extreme  sensi¬ 
tivity  to  irradiation  of  the  conductivity-modulated  rectifier  mentioned 
above.  Figure  Z  shows  the  changes  in  the  reciprocal  of  minority  carrier 
lifetime  of  n  -type  germanixim^  and  p  -type  silicon^  with  neutron  bombard¬ 
ment.  Note  the  flux  scale  as  compared  with  the  flux  scale  of  Figure  1. 


a  Figures  appear  at  the  end. 
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The  bombardment-produced  defects  act  as  recombination  centers ^  i.  e.  , 
they  trap  electrons  and  holes,  allowing  them  to  recombine.  The  magnitude 
of  the  change  in  lifetime  depends  on  the  number  of  defects  introduced  and 
the  recombination  cross  section  of  the  defects.  The  recombination  cross 
section  of  the  defects  may  vary  widely  from  one  material  to  another  and 
may  also  depend  on  the  type  of  irradiation  to  which  the  specimen  is  ex¬ 
posed.  For  example  Figure  2  suggests  that  the  recombination  cross  sec¬ 
tion  of  the  defects  produced  by  fast  neutrons  is  considerably  greater  in 
silicon  than  in  germanium  (even  2dlowing  for  the  greater  rate  of  producing 
defects  in  silicon). 


DISPLACEMENTS  IN  DIATOMIC  SOLIDS 


The  mechanism  of  radiation  damage  in  semiconductors  is  frequently 
imagined  as  follows:  an  energetic  particle  strikes  an  atom,  imparting 
part  of  its  energy  thereto.  If  the  struck  atom  receives  energy  greater 
than  a  certain  amount,  called  the  threshold  displacement  energy,  T^,  it 
will  be  dislodged  from  its  lattice  site,  and  may  go  on  to  dislodge  other 
atoms  from  their  sites.  Eventually  the  dislodged  atoms  will  settle  into 
interstitial  positions.  It  is  sometimes  assumed,  for  convenience,  that 
the  vacancies  and  interstitials  are  essentially  randomly  distributed.  This 
is  far  from  the  truth,  especially  in  the  case  of  neutron  bombardment, 
where  the  primary  knock-on  may  receive  an  energy  several  thousand 
times  the  threshold  displacement  energy  and  tend  to  produce  a  large 
number  of  secondary  vacancies  and  interstitials  (see  Table  1).  These 
secondary  defects  will  mostly  lie  rather  close  to  the  primary  event,  so 
that  the  defects,  in  all  likelihood,  are  produced  in  clumps  or  clusters 
rather  than  homogeneously. 

Several  different  kinds  of  radiation-induced  defects  are  possible  in 
the  case  of  compounds  which  would  not  occur  in  the  case  of  elements.  For 
example,  in  a  diatomic  compound  composed  of  Type  A  and  Type  B  atoms 
there  would  be  produced  vacant  A  sites  as  well  as  vacant  B  sites,  and  A 
interstitials  as  well  as  B  interstitials.  In  addition  an  interstitial  can  have 
either  A  or  B  atoms  as  nearest  neighbors.  There  would  also  be  two  types 
of  replacements  possible;  an  A  atom  on  a  B  site  and  conversely.  Thus 
eight  different  point  defects  can  be  created  —  two  types  of  vacancies,  four 
types  of  interstitials,  and  two  replacement-type  defects.  In  calculating 
the  number  of  each  of  these  defects  introduced,  the  methods  which  apply 
to  elements  will  not  in  general  apply  to  compounds.  Specicd.  methods^>7 
have  been  developed  for  diatomic  compounds,  but  in  general  the  theoreti¬ 
cal  picture  is  far  from  complete. 
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Threshold  displacement  energies  can  be  determined  by  plotting  the 
rate  of  change  of  some  bombardment -sensitive  parameter  as  a  function 
of  the  energy  of  the  bombarding  particles.  Electrons  are  usually  used 
for  this  experiment  because  monoenergetic  beams  can  be  obtained  without 
too  much  difficulty  and  they  penetrate  farther  than  heavier  particles  (ex¬ 
cept  neutrons).  The  energy  of  the  bombarding  electrons  at  which  p'>Tma- 
nent  changes  start  to  occur  can  then  be  converted  into  the  maximum  energy 
imparted  to  an  atom,  should  be  the  threshold  displacement 

energy.  The  relation  between  the  energy  of  the  bombarding  electrons,  E, 

and  T_  is  as  follows: 

m 

=  557(E/moc2)  (E/mQC^  +  2)/A,  (1) 

where  T^  is  expressed  in  electron  volts,  A  is  the  atomic  mass  of  the 
struck  atom,  m^  the  rest  mass  of  an  electron,  and  c  the  velocity  of  light 
(mQc2  =  0.511  Mev).  In  Figure  3  the  carrier-removal  rate  dn/dNg  (the 
number  of  carriers  per  cm^  removed  for  e^^ch  incident  electron  per  cm^, 
hence,  the  units  are  cm"^)  is  plotted  against  T  for  two  different  semi¬ 
conductors,  germanium®,  and  InSb^.  The  threshold  displacement  energy 
for  germanium  is  about  16  ev  and  for  InSb  about  6  ev.  The  threshold  dis¬ 
placement  energy  of  silicon^®  is  the  same  as  that  for  germanium. 

Threshold  determinations  for  silicon  and  germanium  have  also  been  made 
using  minority-carrier  lifetime  as  the  bombardment- sensitive 
parameter. 

For  certain  practical  purposes,  for  example  the  design  of  semicon¬ 
ductor  devices  to  operate  in  radiation  fields,  it  becomes  desirable  to 
minimize  the  effects  of  radiation.  There  may  eQso  be  troublesome  ioniza¬ 
tion  effects  to  contend  with,  but  this  paper  will  be  concerned  only  with  the 
permanent  rearrangements  of  the  atoms  of  the  crystal.  In  the  mixed  field 
of  7-ray8  and  fast  neutrons  likely  to  be  encountered  near  a  reactor,  by 
far  the  greatest  amount  of  permanent  damage  to  the  bulk  semiconductor 
material  will  be  produced  by  the  neutrons. 

The  maximum  energy  which  can  be  imparted  to  an  atom  during  a 
collision  by  a  neutron  of  energy  E  is 

Tm  =  [4A/(1+A)2]E,  (2) 

it  being  assumed  that  the  collision  is  elastic.  All  energies  up  to  T^  are 
equally  probable  so  the  average  energy  T  is  1/2  Tjj^.  Since  the  differential 
cross  section  is  essentially  independent  of  E  one  may  write,  for  rather 
heavy  atoms: 


T  =  2  E/A. 


(3) 
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The  average  energy  of  the  fast  neutrons  is  approximately  1  Mev^  thus, 
the  average  energy  of  the  primary  knock-ons  will  be  greater  than  10^  ev. 
Knock-ons  of  this  energy  will  produce  many  secondary  displacements. 

The  average  number,  v,  of  secondary  displacements  per  primary  knock- 
on  may  be  estimated  by  the  following  approximate  formula  providing  the 
atomic  weight  is  greater  than  about  30: 

v  =  T/2T^.  (4) 

This  expression  is  not  valid  for  the  lighter  elements  where  much  of  the 
energy  is  dissipated  in  ionization. 

Equations  (3)  and  (4)  indicate  that  the  damage  produced  in  heavy 
elements  will  be  less  than  that  produced  in  light  elements,  at  least  for 
materials  of  an  atomic  mass  greater  than  that  of  silicon.  Calculated 
values  of  V  for  several  representative  elements  are  presented  in  Table  I. 
The  threshold  was  assumed  to  be  25  ev,  although  the  exact  value  of  the 
threshold  may  depend  on  how  the  atom  is  incorporated  in  the  lattice.  The 
calculation  of  the  number  of  displacements  produced  in  a  compound  is 
somewhat  complicated.  E,  M.  Baroody^^  has  shown  that  in  the  case  of 
AlSb,  although  the  aluminum  is  considerably  lighter  than  the  antimony,  the 
number  of  secondary  displacements  produced  by  the  aluminum  primary 
knock-ons  is  approximately  equal  to  those  produced  by  the  antimony  pri¬ 
mary  knock-ons. 


DEVICE  CRITERIA 


In  the  case  of  junction  transistors  Loferski^^  has  shown  that  the 
effect  of  the  damage  on  the  volume  recombination  is  the  greatest  source  of 
malfunction.  Here  we  are  dealing  with  the  injection  of  minority  carriers 
through  a  narrow  base  region  and  it  is  important  that  the  carriers  do  not 
recombine  before  they  penetrate  the  base.  Thus,  the  diffusion  length, 
which  is  the  product  of  the  minority-carrier  lifetime  and  the  minority- 
carrier  diffusion  constant,  must  not  become  too  small.  Since  bombard¬ 
ment  decreases  the  lifetime  it  is  desirable  that  the  diffusion  constant  be  as 
large  as  possible;  or,  since  the  mobility  is  proportional  to  the  diffusion 
constant  (the  Einstein  relationship),  a  large  mobility  is  desirable.  Several 
compound  semiconductors  have  an  extremely  large  mobility  as  compared 
with  germanium  or  silicon  (for  example,  InSb,  InAs,  and  GaAs). 

Another  approach  to  the  problem  of  radiation  damage  in  semicon¬ 
ductor  devices  is  to  operate  the  device  at  a  rather  high  temperature  so 
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TABLE  I.  APPROXIMATE  MEAN  NUMBER  OF 
DISPLACED  ATOMS  PER  PRIMARY 
KNOCK-ON,  17,  FOR  FAST -NEUTRON 
IRRADIATION  OF  VARIOUS 
ELEMENTS^ 


Average  Energy  of  Neutrons,  1  Mev. 


Substance 

Atomic  Weight 

V 

Be 

9 

440 

C  (graphite) 

12 

900 

Al,  Si,  P 

27,  28,  31 

-700 

Ga,  Ge,  As 

70,  73,  75 

-300 

Cd,  In,  Sb,  Te 

112,  115,  122,  128 

-200 

Au 

197 

140 

n  For  the  m«hcxl  of  calculation  Me  Reference  5. 
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that  the  defects  anneal  out  as  fast  as  they  are  introduced.  This  requires  a 
material  with  a  large  band  gap.  There  are  several  compound  semiconduc¬ 
tors  which  satisfy  this  requirement,  for  example  AlSb,  GaAs,  InP,  GaP, 
CdTe,  CdS,  and  SiC.  All  have  an  energy  band  gap  exceeding  that  of 
silicon. 

Preliminary  annealing  experiments  carried  out  on  unirradiated  AlSb 
indicate  that  at  temperatures  greater  than  approximately  200°  C  thermal 
defects  are  introduced  which  tend  to  make  n-type  samples  p  -type  and  p  - 
type  samples  more  p-type.  If  these  defects  cannot  be  eliminated,  this 
effect  will  seriously  limit  the  applicability  of  AlSb  to  the  problem  of  mak¬ 
ing  radiation-resistant  devices.  At  the  present  time  it  is  not  known 
whether  these  defects  are  inherent  or  whether  they  result  from,  say,  im¬ 
purities  on  the  surface  of  the  sample,  or  in  the  ambient  atmosphere. 

One  may  hope  to  find  a  material  with  a  relatively  large  threshold 
displacement  energy.  This  would  be  desirable  since  the  number  of  dis¬ 
placements  is  inversely  proportional  to  the  threshold  energy.  The  low 
threshold  of  InSb  (a  low-band-gap  material)  as  compared  with  germanium 
and  silicon  suggests  that  there  might  possibly  be  a  correlation  between 
threshold  and  band  gap;  however,  until  more  threshold  experiments  are 
performed  on  a  variety  of  materials,  this  remains  pure  speculation. 
Finally,  and  possibly  most  important,  one  may  look  for  a  material  in 
which  the  defects  introduced  by  bombardment  have  a  comparatively  small 
recombination  cross  section. 

To  summarize,  it  appears  that  a  sm2dl  recombination  cross  section, 
relatively  massive  atoms,  a  relatively  large  mobility,  and  a  large  gap  are 
desirable  properties  for  minimizing  the  effects  of  permanent  radiation 
damage  to  semiconductor  devices.  Unfortunately,  there  is  little  informa¬ 
tion  available  on  recombination  cross  sections  and  threshold  energies  in 
compound  semiconductors. 


COMPARISON  OF  CARRIER -REMOVAL.  RATES 


Table  II  shows  a  comparison  of  the  rates  at  which  carrier  concen¬ 
tration  is  decreased  by  fast-neutron  bombardment  for  several  semicon¬ 
ductors.  These  removal  rates  correspond  to  carrier  concentrations  large 
enough  that  the  position  of  the  Fermi  level  is  quite  close  to  either  the  con¬ 
duction  band  or  the  valence  band.  In  this  case  the  removal  rate  should  be 
equal,  to  within  a  factor  of  about  two,  to  the  rate  at  which  vacancy- 
interstitial  pairs  are  introduced  (one  expects  one  to  two  carriers  to  be 
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TABLE  n.  APPROXIMATE  CARRIER -REMOVAL 
RATES  FOR  FAST -NEUTRON 
BOMBARDMENTS 


Material 

N -Type 
-dn/ d<p, 
cm~l 

P-Type 

-dp/d0, 

cm~l 

Final  Type  Laboratory 

Average 

Total 

Cross 

Section, 

barns 

Calculated^- 
Rate  of  V -I 
Pair 

Production, 

cm“l 

Ge 

3.2 

2.9 

P 

ORNL 

4 

50 

Si 

-- 

5 

Intrinsic 

ORNL 

4 

AlSb 

2 

1.5 

N 

Battelle 

5 

70 

GaAs 

1.2 

-- 

Intrinsic 

Battelle 

4.5 

InP 

0.7 

-- 

P 

Battelle 

4.5 

CdTe 

— 

0.44 

N 

Battelle 

5.5 

a  Using  a  tfarethold  of  25  ev. 
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removed  per  V-I  pair).  The  comparison  is  rather  crude  because  of  the 
uncertain  relation  which  exists  between  the  carrier-removal  rate  and  the 
rate  of  generating  the  defects.  There  is  also  considerable  uncertainty  in 
the  removal  rates  listed  because  of  difficulty  in  accurately  determining 
the  fast-neutron  flux.  Nevertheless,  there  does  seem  to  be  some  correla¬ 
tion,  as  suggested  by  Table  II,  between  removal  rates  and  atomic  mass. 
For  example  silicon,  the  lightest  element,  has  the  highest  removal  rate, 
and  CdTe,  composed  of  the  heaviest  elements,  has  the  lowest. 

It  is  perhaps  more  meaningful  to  compare  the  order  of  magnitude  of 
the  carrier-removal  rates  with  the  calculated  rates  of  generation  of  de¬ 
fects  shown  in  the  last  column  for  germanium  and  AlSb.  We  see  that  there 
is  well  over  an  order  of  magnitude  discrepancy.  On  the  other  hand,  agree¬ 
ment  between  the  removal  rates  and  the  calculated  rates  of  generating 
displacements,  within  a  factor  of  two  or  three,  is  obtained  when  other 
bombarding  particles  such  as  electrons,  eilpha  particles,  or  deuterons,  . 
are  used.  The  discrepancy  which  seems  to  be  present  in  all  cases  of 
neutron  bombardments  might  be  associated  with  the  fact  that  a  very  large 
number  of  secondaries  are  produced  in  a  very  small  volume  near  each 
primary  event,  so  that  the  effectiveness  of  the  displacements  in  removing 
carriers  is  considerably  lessened  from  what  it  would  be  if  they  were  dis¬ 
tributed  uniformly  throughout  the  total  volume  of  the  crystad.  Additional 
evidence  for  this  type  of  inhomogeneity  will  be  presented  below. 


BOMBARDMENT  OF  AlSb  AND  GaAs 


The  change  in  conductivity  of  an  initially  p  -type  AlSb  sample  and  an 
initially  n -type  GaAs  sample  is  shown  in  Figure  4.  The  AlSb,  which  goes 
through  a  very  definite  minimum,  was  n  -type  after  the  bombardment.  If 
the  defects  are  uniformly  distributed  and  if  the  ionization  due  to  7-ray8 
and  fast  neutrons  is  negligible,  the  minimum  conductivity  should  corre¬ 
spond  approximately  to  the  intrinsic  conductivity.  The  intrinsic  conduc¬ 
tivity  for  AlSb,  at  the  temperature  of  irradiation,  is  of  the  order 

of  10  ”7  ohm“lcm-l.  The  minimum  conductivity  of  this  sample  was  over 
four  orders  of  magnitude  greater  than  this  value.  The  GaAs  sample,  on 
the  other  hand,  does  approach  its  intrinsic  conductivity.  The  intrinsic 
conductivity  for  GaAs  is  of  the  order  of  10“^  ohm~^cm“^  at  the  bombard¬ 
ment  temperature,  assuming  the  mobility  has  been  lowered  by  about  an 
order  of  magnitude  by  the  bombardment.  This  is  not  due  to  ionization, 
since  both  samples  were  irradiated  simultaneously  at  approximately  the 
same  position  in  the  beam  tube  of  the  reactor.  We  conclude  that  the 
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minimum  of  the  AlSb  sample  is  determined  by  inhomogeneity,  either  ini¬ 
tially  present  or  produced  by  the  irradiation. 

Another  p-type  AlSb  sample  was  irradiated  with  enough  flux  to 
greatly  decrease  the  conductivity  but  not  enough  to  convert  it  to  n-type 
(i.  e.  ,  the  bombardment  was  stopped  on  the  low-flux  side  of  the  minimum 
in  conductivity).  The  temperature  dependence  of  the  Hall  coefficient, 
resistivity,  magnetoresistance  mobility,  and  Hall  mobility  is  shown  in 
Figure  5.  The  Hall  mobility  is  defined  as  the  ratio  of  the  Hall  coefficient 
to  the  resistivity.  The  magnetoresistance  mobility,  jip,  is  proportioned  to 
the  square  root  of  the  magnetoresistive  ratio  and  was  calculated  by  the 
following  formula: 


% 

where  p  is  the  resistivity  without  magnetic  field 

Pjj  is  the  resistivity  in  the  presence  of  a  transverse  magnetic 
field 

H  is  the  field  strength  (emu). 

Before  the  irradiation  the  Hall  mobility  and  the  magnetoresistance 
mobility  were  of  the  same  order  of  magnitude,  as  one  would  expect-.  How¬ 
ever,  after  the  bombardment  the  Hall  mobility  is  about  two  orders  of 
magnitude  lower  than  the  magnetoresistance  mobility  at  200 "K  and  has  an 
anomalously  large  temperature  dependence.  This  rather  strange  behavior 
can  be  explained  qualitatively  in  terms  of  the  inhomogeneous  distribution 
of  defects  mentioned  above.  For  the  purpose  of  simplifying  the  discussion, 
imagine  that  the  density  of  the  defects  is  very  great  inside  a  small  sphere 
of  radius  a,  and  that  the  density  of  defects  outside  these  spheres,  or 
"islands",  is  much  smaller  and  essentially  uniform.  Before  the  sample 
has  converted,  the  volume  inside  the  spheres  will  be  n-type  and  the  bulk 
will  be  p-type. 

Now,  there  are  two  possible  explanations.  First,  let  us  assume  that 
the  lines  of  current  flow  are  not  appreciably  altered  by  the  spheres  of  in¬ 
tense  damage.  In  this  case  the  Hall  field  inside  the  n-type  spheres  will 
oppose  that  of  the  bulk  of  the  specimen.  This  will  result  in  an  appreciable 
lowering  of  the  measured  Hall  coefficient  and  an  increase  in  the  magneto - 
resistance  ratio  from  the  values  which  would  be  obtained  if  these  concen¬ 
trated  regions  were  not  present.  However,  the  conductivity  will  not  be 
greatly  affected,  so  that  the  Hall  mobility  will  be  considerably  lower  than 
the  magnetoresistance  mobility. 
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In  the  second  explanation  we  assume  that  the  lines  of  current  flow  do 
not  penetrate  the  spheres  of  intense  damage;  i.  e.  ,  the  holes  are  deflected 
from  these  regions  because  of  the  space  charges  which  must  be  present  in 
the  vicinity  of  the  p-n  jtmction  separating  the  two  regions.  In  this  case  the 
Hall  coefficient  and  magnetoresistance  are  not  affected,  but  the  conductivity 
is  lowered  considerably.  This  assumption  leads  to  the  same  qualitative 
result,  namely,  that  the  Hall  mobility  will  be  considerably  lower  than  the 
magnetoresistance  mobility. 

To  differentiate  between  these  two  mechanisms  will  require  further 
experimented  and  theoretical  investigations.  However,  it  is  to  be  expected 
that  the  first  mechanism  would  be  the  most  likely  explanation  if  the  radius 
of  the  spheres  is  quite  large  (10“^  to  10  cm)  and  the  transition  from  p- 
to  n  -type  is  gradual.  If  the  spheres  are  much  smaller  the  second  mecha¬ 
nism  should  apply. 

If  the  spheres  result  from  the  intense  damage  in  the  vicinity  of  each 
primary  knock-on  one  expects  their  radii  to  be  quite  small.  For  example, 
if  a  primary  knock-on  produced  approximately  1000  progeny,  or  approxi¬ 
mately  10  generations,  and  if  the  average  distance  which  a  knock-on  must 
travel  before  producing  another  knock-on  is  the  order  of  1  unit  cell  or, 
say,  10  A,  the  radius  a  would  be  the  order  of  100  A  or  10"^  cm. 

We  can  obtain  a  crude  experimental  estimate  of  this  radius  by  assum¬ 
ing  that  the  total  volume  occupied  by  the  spheres  is  approximately  equal  to 
the  volume  not  occupied  by  the  spheres  when  the  flux,  0^,  is  large  enough 
to  produce  the  mobility  anomaly.  This  gives 

No<rt0l(47ia^  =  1/2, 

where  Nq  is  the  number  of  atoms  per  cm^ 

(T^  is  the  scattering  cross  section  for  the  neutron  collisions. 

(The  quantity  is  the  total  number  of  primary  events  per  cm^.) 

Taking  5  barns  for  cr^,  4  x  10^2  for  N^,  and  1  x  1018  for  0j,  one  obtains  a 
«  6  x  10  ^  cm. 

This  woidd  suggest  that  the  regions  of  intense  damage  have  radii 
of  roughly  60  A,  which  is  a  fairly  reasonable  conclusion. 

Another  property  which  would  be  strongly  affected  by  the  type  of 
inhomogeneity  described  above  is  the  thermoelectric  power.  The  contri¬ 
butions  of  the  n  -  and  p-type  regions  to  the  over-all  thermal  voltage  would 
oppose  each  other,  and  the  measured  thermoelectric  power  would  be  con¬ 
siderably  smaller  than  predicted  on  the  basis  of  the  conductivity.  Either 
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of  the  two  mechanisms  considered  above  would  imply  an  abnormally  low 
thermoelectric  power,  since  no  current  flows  through  the  sample  during 
the  measurement  of  thermoelectric  power. 

Thermoelectric-power  measurements  on  a  p-type  AlSb  sample, 
before  and  after  irradiation,  illustrate  this  fact  very  clearly.  Table  III 
lists  the  magnetoresistance  mobility.  Hall  mobility,  thermoelectric  power, 
and  conductivity  at  200 ‘K  for  a  p-type  AlSb  sample  before  irradiation,  and 
after  an  exposure  of  1.  3  x  10^®  neutrons/cm^. 


TABLE  III.  ELECTRICAL  CHARACTERISTICS  OF  AN  AlSb  SAMPLE 
BEFORE  AND  AFTER  IRRADIATION 


o 

II 

■e- 

0=  1.  3x  10l8  neutrons/cm^ 

Magnetoresistance  Mobility, 
cm^/volt-sec 

360 

92 

Hall  Mobility, 

cm^ /volt- sec 

357 

27 

Thermoelectric  Power, 

Mv/”K 

+225 

+5 

Conductivity, 

ohm"^cm'^ 

26 

0.  18 

We  see  that  the  fractional  decrease  in  thermoelectric  power  is  com¬ 
parable  with  that  of  the  conductivity.  On  the  other  hand,  if  the  defects 
were  homogeneously  distributed,  the  thermoelectric  power  would  increase 
as  the  carrier  concentration  decreased.  It  must  be  emphasized  that  the 
models  described  above  are  quite  tentative  and  should  not  be  taken  too 
seriously  until  they  have  stood  the  test  of  considerably  more  experimenta¬ 
tion.  Nevertheless,  they  should  serve  to  illustrate  that  certain  of  the  bulk 
properties  of  semiconductors  may  be  seriously  affected  by  this  type  of 
inhomogeneity  —  much  more  so  than  would  be  expected  from  the  assump¬ 
tion  that  the  defects  are  homogeneously  distributed. 


SUMMARY 


Compound  semiconductors  appear  promising  as  radiation-resistant 
devices;  however,  more  information  is  needed  on  threshold  displacement 
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energies  and  recombination  cross  sections.  The  nonhomogeneous  nature 
of  the  damage  created  by  fast  neutrons  in  semiconductors  is  revealed  by 
means  of  the  Hall  coefficient,  magnetoresistance  ratio,  and  the  thermo¬ 
electric  power.  In  some  cases  the  size  of  the  damaged  regions  can  be 
estimated. 
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Change  in  Conductivity  of  N-  and  P-Type  InSb  with  Fast- 
Neutron  Bombardment.  Taken  from  Reference  1. 

Minority-Carrier  Lifetime  as  a  Function  of  Integrated  Fast- 
Neutron  Flux  for  Germanium  and  Silicon.  *Taken  from 
References  3  and  4. 

Carrier-Removal  Rate  of  InSb  and  Germanium  as  a  Function 
of  the  Maximum  Energy  Imparted  to  an  Atom^  Taken  from 
References  7  and  8. 

Conductivity  Versus  Fast-Neutron  Flux  for  P-Type  AlSb 
and  /V-Type  GaAs.  The  Experiment  was  Carried  Out  at  113*C. 

Temperature  Dependence  of  Resistivity,  Hall  Mobility,  Hall 
Coefficient,  and  Magnetoresistance  Mobility  of  P -Type  AlSb 
after  it  has  Received  a  Total  Bombardment  of  1.  5  x  10^^ 
Neutrons/cm^. 
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A  CRITICAL  8l»m  OT 


RADUTXOir  SANACS  TO  CIRCUITB 
by 

Ht  W.  Hftpp  and  S.  R.  Eawklna* 


ABBCUCT 

A  critical  survey  was  undertaken  to  Investigate 
factors  affecting  circuit  performance  In  the 
presence  of  dsisage  producing  radiations.  Exper¬ 
imental  work  In  progress  consists  of  Irradiating 
several  types  of  circuits,  such  as  multivibrators 
and  blocking  oscillators  by  gamma  radiation  with 
a  100-curle  Cobalt-6o  source.  Causes  of  feillure 
of  the  circuits  tested  thus  far  were  traced  pri¬ 
marily  to  the  deterioration  of  semiconductor  de¬ 
vices.  IMS  preliminary  work  is  being  used  as  a 
basis  for  planning  Investigations  of  other  selected 
circuits,  both  under  gsimna  and  neutron  irradiation. 


*  Lockheed  Aircraft  Corporation,  Missile  Systems  Division, 
Pialo  Alto,  California 
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SECTION  1.0 
SCOPE  OF  INVESTIGATION 


1.1  FLUX-DOSE  PLOTS 

To  more  fully  outline  the  scope  euid  limitations  of  this  Investigation  and 
to  plan  future  work  It  Is  advisable  to  plot  on  logarithmic  coordinate 
scales  the  following  quantities: 

(a)  Dose;  the  total  number  of  particles  or  quanta  traversing  a  unit 
of  area.  The  unit  of  dose  for  gamma  radiation  Is  the  roentgen, 
defined  In  Appendix  A.  Since  the  dimensions  of  dose  are  number 
of  particles  per  unit  volxane  x  velocity  x  time,  the  dose  for 
neutron  radiation  may  be  referred  to  as  nvt . 

(b)  Flux;  the  number  of  particles  or  quanta  traversing  a  unit  area 
per  unit  time.  The  units  of  flux  eire  roentgen/hr  or 
particles/ cm^/sec . 

If  flux  Is  plotted  versus  dose,  as  shown  In  Fig.  1.1, 1.2  and  1.3, 
then  for  an  Irradiation  of  constant  flux  the  lines  which  Eu:e 
inclined  at  a  constant  angle  denote  time  Intervals.  These  plots 
provide  a  ready  reference  giving  the  order  of  magnitude  of  radi¬ 
ation.  The  graphs  show  that  the  magnitude  of  fluuc  as  well  as 
dose  extends  over  severed  deceules. 
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Ihe  8i>eclfic  alms  of  this  Investigation,  then,  are; 

(a)  Exposure  of  various  types  of  transistor  circuits  to  gaimta,  fast 
neutron,  and  slow  neutron  radiation 

(b)  Analysis  of  the  effects  encountered  In  order  to  determine  which 
conqponents  within  the  circuit  are  most  critical 

(c)  A  study  of  the  effects  during  Irradiation  as  well  as  before  and 
after  effects 

(d)  An  effort  to  determine  whether  the  controlling  factor  Is  rate  of 
Irradiation  or  Integrated  Irradiation,  or  both. 

1.2  GAMMA  IRRADIATION 

According  to  Steele  (1956)  irradiation  by  Cobalt-60  geunma  rays  at  fluxes 

■3  g 

in  excess  of  10^  r/hr,  and  in  doses  greater  than  10  r,  is  necessary  to 

induce  temporary  and  permanent  effects  on  transistor  parameters.  At  this 

time  it  Is  believed  that  most  transistors  will  be  severely  affected  be- 

7  8 

tween  10'  and  10°  roentgens,  while  total  destruction  of  most  transistors^ 

0 

occvurs  above  10°  roentgens.  Referring  to  Fig.  1.1,  it  follows  that  with 
a  100-curle  source,  permanent  destruction  of  most  transistors  can  be  ex¬ 
pected  after  about  1000  hours  of  irradiation,  while  failure  to  operate  be¬ 
comes  more  and  more  probable  between  100  and  1000  hours . 

Experiments  in  this  report  were  made  with  a  100-curie  source.  With  the 
1000-curle  source  becoming  available  the  irradiation  times  can  be  reduced 
by  a  factor  of  about  10,  thus  requiring  an  irradiation  time  of  only  100 
hours  to  approach  the  dose  required  for  permanent  destruction  of  all  tran¬ 
sistors  . 
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A  nomograph  giving  the  gamma  flux  for  various  source  strengths  (in  curies) 
at  various  distances  for  a  Cobalt-60  point  source  is  given  in  Fig.  1.4. 

A  diagram  of  this  type  serves  as  an  aid  to  setting  up  experiments  with  an 
isotope  source. 

1.3  FAST  NEUTRON  IRRADIATION 

According  to  Plgg  and  Robinson  (1956)  each  incident  high  energy  neutron 
removes  3*2  electrons  in  germanium  while  Cobalt-60  gamma  rays  remove 

1.4  X  10  ^  electrons  per  incident  photon.  Also  it  has  been  found  that 
0.02  electrons  are  removed  for  each  incident  thermal  neutron.  On  the 
basis  of  these  figures,  it  is  estimated  that  the  ratio  of  the  damage  pro¬ 
duced  by  fast  neutrons  to  slow  neutrons  to  gamma  rays  is  2300:16:1.  If 
we  assume  a  similar  relationship  for  permanent  damage  to  transistors, 
then,  according  to  Fig.  1.1,  if  total  destruction  can  be  ejqpected  to  oc- 
cur  at  gamma  doses  of  10  roentgens  (1.6  x  10  photons/cm  ),  we  can  as¬ 
sume  that  total  destruction  will  sQ-so  occur  at  integrated  fast  neutron 

l4  /  2 

fluxes  above  10  neutrons/cm  .  These  figures  correspond  fairly  well  to 
experimental  data  reported  by  Steele  (1956),  Behrens  and  Shaull  (1958)> 
and  data  obtained  in  this  laboratory. 

F^om  study  of  this  experimental  data,  we  can  expect  damage  to  transistors 

11  12 

to  begin  to  show  effects  at  integrated  fluxes  of  between  10  and  10 

2  12  1^ 
nvt  (neutrons/cm  )  with  serious  damage  occuring  between  10  and  10  nvt, 

and  toteuL  destruction  occuring  between  10^^  and  10^*^  nvt  (Fig.  1.2). 

Since  oxir  present  Po-Be  neutron  source  has  a  maximum  flux  of  about  10^  nv 
(neutrons/cm  ),  an  irradiation  time  of  more  than  10  seconds  or  II60  days 
is  required  before  total  destruction  of  a  transistor  can  be  expected. 
Irradiation  time  of  at  least  10^  sec  or  11.6  days  should  be  required  be¬ 
fore  any  effect  at  all  can  be  expected.  With  Lockheed's  Van  de  Graaff 
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generator  total  destruction  can  be  expected  after  about  10  seconds^  or 
approximately  3  hours,  provided  the  neutron  energy  distribution  is  com¬ 
parable  with  that  available  at  a  reactor. 

The  Vallecitos  power  reactor,  and  also  the  Materials  Test  Reactor,  is 
likely  to  cause  total  destruction  of  tremsistors  in  a  matter  of  minutes 
or  even  seconds,  as  shown  by  Fig.  1.2. 

For  this  reason  consideration  is  being  given  to  performing  certain  teste 
at  these  sites.  The  operating  costs  computed  on  an  hourly  basis  at  the 
Vallecitos  reactor  at  this  time  are  substantially  higher  than  those  of 
the  Material  Test  Reactor;  however, our  required  irradiation  times  are 
short  enough  to  warrant  frequent  use  of  this  nearby  facility. 

The  high  minimum  neutron  fluxes  involved  at  the  Material  Test  Reactor, 
render  measurements  during  irradiation  very  difficult  as  can  be  seen  from 
Fig.  1.2.  Tentatively,  the  Vallecitos  reactor,  and,  in  certain  cases 
Lockheed's  Van  de  Graaff  generator,  are  recommended  in  preference  to  the 
Materials  Test  Reactor  for  neutron  irradiation.  (For  further  facility 
discussion  see  1.5) 

1.4  SLOW  NEUTRON  IRRADIATION 

At  this  time  we  know  of  no  systematic  study  of  the  effects  of  thermal  neu¬ 
trons  on  semiconductor  devices.  Following  the  reasoning  in  paragraph  I.3, 
one  might  expect  total  destruction  of  transistors  at  doses  above  10^^  nvt, 
provided  the  crystal  is  directly  exposed.  Obviously,  the  required  dosage 
is  much  higher  if  shielding  and  scattering  are  involved.  The  appeu-ent  lack 
of  knowledge  of  radiation  damage  by  thermal  neutrons  may  make  further  in¬ 
vestigations  in  this  area  desirable. 


4 


IMSD-5011 


1.5  FACILITIRS 

The  availability  of  the  goimna  and  ne\itron  sources  is  based  mainly  upon 
geographical  location  and  ease  of  access  as  well  as  the  maxlntum  workable 
flux  densities.  An  idea  of  the  relative  magnitudes  of  the  various  sources 
can  be  seen  from  examination  of  Fig.  1.1>  1>2>  1.3  and  Table  1.1. 


A  complete  list  of  neutron  and  gamma  Irradiation  facilities  in  operation, 
being  built  or  planned  has  been  con^iled  by  Martens  and  Minuth  (19^7)< 


TABIZ  1.1 

MAXIMUM  GAMMA  AND  NEUTRON  FIDXES  FROM 
IRRADIATION  FACILITIES  UNDER  CONSIDERATION 


SOURCE 

MAXIMUM  FLUX 

Fast  l^ermal 

Neutrons  (n/cm^/sec) 

IMSD  Co^  (100  curie) 

IMSD  Co^  (1000  curie) 

(to  be  delivered) 

Stanford  Research  Institute 

Co  (1000  curie) 

MIR  ( Hater ieLLs  Test  Reactor) 
Spent-FUel  Gamma  Source  National 
Reactor  Testing  Station, 

Idaho  Falls,  Idaho 

IMSD  Fo-Be 

10^ 

IMSD  Van  de  Graaf f  Generator 

10^ 

10^ 

E^qperimental  Power  Reactor 

10^0 

Valllcltos,  Calif. 

,  i4 

MTR,  National  Reactor  Testing 

2.5  X  10 

5  X  10 

Station 

ETR,  National  Reactor  Testing 

1.5  X  10^^ 

4  X  10^** 

Station 

Qaimia 

(r/hr) 


lo-' 

10^ 

.8  X  10^ 

lo”^ 


10^ 
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1-1  J^roxiiaate  Limits  of  Gamna  Investigations 
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Fig.  1-3  Approximate  Limits  of  Thermal  Heutron  Investigations 
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SECTION  2.0 

CIRCUITS  PROPOSED  FOR  INVESTIGATION 


2.1  AMPLIFIERS 

Since  nearly  8J.1  types  of  circuits  are  In  some  way  derived  frcni  the  basic 
ainpllfler^  an  anedysls  of  the  effects  of  nuclear  irradiation  on  an 
aoqpllfler  stage  will  give  valuable  information  on  what  to  e3q>ect  In  the 
more  conipllcated  circuitry.  Ihe  types  of  amplifier  and  their  coorrespond- 
ing  properties  which  should  be  studied  are: 

A.  Low  Frequency  Angpliflers 

(1)  Degenerative ;  the  use  of  negative  feedback  to  counteract 
the  radiation  damage  to  the  circuit. 

(2)  Regenerative ;  the  effect  of  radiation  damage  on  the 
stability  of  the  circuit. 

B.  High  Frequency  and  Pulse  Amplifiers 

(1)  The  deterioration  of  frequency  response. 

(2)  The  deterioration  of  gain. 

It  appears  worthwhile  to  examine  the  feasibility  of  compensating  radia¬ 
tion  damage  by  methods  similar  to  those  used  In  circuits  compensated  for 
variations  In  temperature. 
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2 .2  OSCILLATORS 

It  is  i>ropo8ed  to  determine  hovr  the  frequency^  amplitude  and  distortion 
of  various  types  of  oscillators  are  affected  and  at  what  radiation  doses 
these  circuits  fall  to  function  within  the  specified  limits.  It  Is 
planned  to  Investigate  the  following  types  of  oscillators. 

(a)  RL>  RCj  LC  oscillators  of  various  design;  to  determine  the 
sensitivity  of  each  to  radiation  damage  and.  If  necessary, 
to  propose  methods  on  how  each  circuit  may  be  Improved. 

(b)  Crystal  controlled  oscillators.  It  Is  expected  that  crystal 
controlled  oscillators  will  present  a  challenging  problem 
for  Investigation;  particularly  If  the  close  tolerance  on 
the  frequency  deviation  must  be  maintained.  It  may  be  pos¬ 
sible  to  develop  techniques  which  compensate  for  radiation 
damage  In  a  manner  similar  to  temperature  compensation.  A 
metallographlc  study  of  the  nature  of  the  damage  to  the 
crystal  may  be  of  value  to  assess  the  expected  effects  of 
radiation  on  the  circuit  performance. 

2 .3  SWITCHING  CIRCUITS 

Switching  circuits  should  be  investigated  extensively  since  these  types 
of  circuits  eu:e  widely  used.  Tb.e  types  of  switching  circuits  which 
should  be  Investigated  are: 

(1)  Maltivlbrators ;  to  determine  dosage  at  which  the  circuits 
fail  to  switch;  to  examine  the  extent  and  by  what  mechanism 
switching  time  and  other  circuit  parameters  are  affected. 

(2)  Blocking  oscillators;  to  determine  the  dosage  at  which  the 
circuit  will  fall  to  trigger  or  to  oscillate  and  to  what 
extent  the  waveform  Is  affected. 
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(3)  Other  circuits  using  semiconductor  devices >  such  as  logic  and 
pulse  shaping  circuits. 

It  appears  particularly  desirable  to  analyze  the  deterioration  of  the 
switching  action  In  terms  of  the  corresponding  changes  of  device  para¬ 
meters.  This  analysis  may  then  lead  to  the  design  of  circuits  which 
partledly  conqpensate  for  radiation  damage. 

2.4  CHOICE  OF  COMPONENTS 

Reldj  Moody  and  Willardson  (1957), as  well  as  Messenger  and  Spratt  (1957 )> 
have  pointed  out  that,  in  general,  silicon  semiconductor  devices  are  more 
susceptable  to  radiation  damage  than  corresponding  types  of  germanium 
devices.  It  was  further  shown  that  the  npn  transistors  are  more  susceptible 
than  the  pnp  type.  It  is  desirable  to  investigate  circuits  using  both 
germanium  and  silicon  devices  and  pnp  as  well  as  npn  transistors,  since 
the  nature  of  the  radiation  damage  can  be  more  closely  Interpreted  In 
circuits  using  the  more  sensitive  devices,  and  in  view  of  the  limited 
flux  obtainable  frcxa  the  radiation  sources  now  available  to  us. 

2.5  LIMITS  OF  OPERATION 

Bie  term  limit  of  operation  requires  clarification.  For  instance,  radia¬ 
tion  damage  may  affect  the  circuits  as  follows: 

(1)  The  circuit  may  charge  in  a  specified  parameter  beyond  the 
permissible  limit,  depending  upon  the  function  of  the  circuit. 

(2)  The  circuit  may  fall  in  its  principal  function  in  the  presence 
of  radiation. 

(3)  Circuit  components  may  have  suffered  permanent  damage  to  an 
extent  that  the  circuit  will  not  perform  its  function  even 
after  the  radiation  source  is  removed. 
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In  Table  2.1  an  estimate  of  the  limits  of  operation  is  given  by  assuming 
the  order  of  magnitude  of  the  limit  of  operation,  as  defined  In  (1), 

(2)  or  (3)  above  to  be  roughly  the  same.  This  somewhat  loose  use  of  the 
term  limit  of  operation  appears  Justified,  since  the  failure  of  circuit 
ccoponents  CEua  only  be  specified  statistically.  Thus  for  a  single  circuit, 
variations  In  the  limit  of  operation  by  a  factor  of  ten  are  likely  to 
be  the  rule  rather  than  the  exception. 

TABLE  2.1 

ESTIMATE  OF  LIMITS  OF  OPERATION  FOR  SELECTED  CIRCUITS 


Estimated  Limit  of  Operation 

Neutron  Radiation  | 

Circuit 

Sensitive  Parameter 

Gamma 

Fast 

■■■■■■■  1 

(a) 

Multivibrator 

Triggering  level 

10®r 

lO^^nvt 

lO^^nvt 

(b) 

Ik'anslstor  magnetic 
core  circuit 

Triggering  level 

lo'^'r 

lO^nvt 

lO^^nvt 

(c) 

Pulse  shaping 
circuit 

Saturation  resistance 

lo'^r 

lO^nvt 

lO^^nvt 

(d) 

Crystsd  oscillator 

frequency 

lO^r 

lO^nvt 

lO^^nvt 

(e) 

Anqpllfler 

Gain,  distortion, 
noise 

lo'^r 

lO^nvt 

lO^^nvt 
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SECTION  3.0 

RESULTS  OF  PRELIMINARY  WORK 


3.1  MEMORY  CORE  I»IVER 

Two  memory  core  driver  circuits  consisting  of  a  transistor  blocking  oscillator 

and  power  anqpllfier  have  been  Irradiated  with  a  gAmtwA  flux  of  about 

4 

3  X  10  r/hr.  The  total  irradiation  time  was  380  hours  and  gave  a  gamma 
dose  slightly  in  excess  of  lo'^  r. 

A  schematic  diagram  of  the  circuit  and  specifications  on  its  (^ration  are 
given  in  Fig,  3.1.  The  purpose  of  the  circuit  is  to  drive  a  string  of  fer¬ 
rite  memory  cores.  In  order  that  each  stage  coxild  be  evaluated,  each  circuit 
was  monitored  at  the  output  of  the  blocking  oscillator  and  the  output  of  the 
power  emqpllfier  during  irradiation.  It  should  be  noted  that  each  stage  is 
normally  in  a  non-conducting  state  and  becomes  saturated  when  the  blocking 
oscillator  is  triggered  by  an  input  pulse  so  that  the  entire  circuit  functions 
as  a  switch.  The  ferrite -core  load  was  omitted  from  the  circuit  since  it 
provides  a  very  low  lo^dence  after  the  switching  action  has  taken  place  and 
since  it  has  little  effect  upon  the  action  of  the  blocking  oscillator. 

3.1.1  Arrangement  for  Testing 

The  experimental  arrangement  for  testing  the  two  memory  core-drivers  is 
illustrated  in  Pig.  3.2(a).  This  arrangement  Includes  provisions  for  test¬ 
ing  the  two  circuits  with  a  single  pair  of  leads  from  the  hot  cell  using 
remote  control  techniques.  Fig.  3«2{b)  also  shows  the  position  of  the  cir¬ 
cuits  relative  to  the  gamma  source.  Since  the  transistors  were  placed 
approximately  ^cm.  from  the  gamma  source  it  can  be  seen  frem  Fig.  1.4  that 
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the  gamma  flux  at  this  distance  Is  approximately  3  x  10  r/hr.  This 
estimate  Is  probably  reliable  to  within  allowing  for  self-absorption 
and  the  geometry  of  the  geunma  source. 

3.1.2  Circuit  Performance 

The  circuit  parameters  monitored  during  Irradiation  of  the  memory  core- 
driver  were  the  following; 

(a)  Minimum  triggering  level 

(b)  Pulse  width  at  monitors  "A"  and  "B" 

(c)  Pulse  rise  times  at  monitor  "A"  and  "B" 

(d)  Pulse  decay  time  at  monitors  "A"  and  "B" 

(e)  Pulse  amplitude  at  monitors  "A"  and  "B" 

These  quantities  are  plotted  as  functions  of  dosage  In  Fig.  3* 3*  Interpre¬ 
tations  of  these  results  are  also  given.  These  curves  are  intended  to  show 
the  trend  of  these  parameters  during  Irradiation  and  should  not  be  taken 
as  exact. 

"Before"  and  "after"  photographs  of  the  pulse  waveforms  are  shown  In  Fig.  3*4. 
It  Is  Interesting  to  note  from  the  photographs  that;  althoucdi^  the  pulse 
width  narrowed  and  the  decay  time  increased;  the  waveform  In  general  appears 
to  have  liiq>roved  during  Irradiation. 

Further  investigations  with  this  circuit  will  be  carried  out  with  the  1000 
curie  Cobalt-60  gamma  source  when  It  arrives.  It  Is  e;qpected  that  the 

Q 

total  dose  with  this  source  will  approach  10  r  after  100  hours. 

3.2  FERRITE  CORE  LOGIC  CIRCUIT 

Several  ferrite  core  logic  circuits  have  been  constructed  and  are  to  be 
tested  under  radiation.  This  circuit  is  a  two-state  memory  device  which  is 
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being  used  extensively  in  many  applications.  Figure  3.^  (a)  shows  that  this 
circuit  consists  of  a  single  transistor  and  a  ferrite  core.  The  ferrite 
core;  which  has  a  square  hystereals>lopp  similar  to  that  shown  In  Fig.  3.^(b); 
provides  the  memory  function.  The  transistor  serves  as  a  driving  element;  a 
buffer  and  also  supplies  the  output  power.  An  analysis  of  this  circuit  was 
given  by  Outerman  and  Carey  (19^3)> 

The  circuit  parameters  to  be  monitored  on  this  circuit  during  Irradiation 
Include: 

(a)  The  "set"  function  efficiency;  or  the  minimum  current  required  to 
cause  the  ferrite  core  to  completely  change  states 

(b)  The  "reset"  function  efficiency;  or  the  minimum  current  or  voltage 
amplitude  required  to  start  the  blocking  oscillator  action  which 
causes  the  circuit  to  reset  Itself  to  the  original  state 

(c)  The  minimum  width  of  the  reset  pulse 

(d)  The  minimum  supply  voltage  necessary  for  the  reset  function  to 
operate 

(e)  The  maximum  repetition  rate  of  the  set  and  reset  sequence 

In  order  to  interpret  the  changes  In  this  circuit  during  Irradiation;  several 
type  2N332  transistors  will  be  irradiated  while  this  or  other  circuits  are 
under  Irradiation.  In  this  manner  the  changes  In  circuit  parameters  during 
Irradiation  can  be  correlated  with  the  observed  changes  In  transistor 
parameters . 

3.3  MUIflUVIBRATCW 

The  bl-stable  multivibrator  circuit  shown  in  Fig.  3.6  has  been  constructed 
and  Is  now  being  Irradiated  with  the  Lockheed  Cobalt-60  gamma  source.  The 
circuit  will  be  Irradiated  for  about  3^0  hours  with  an  estimated  gsaami  flux 
of  3  X  10^  r/hr  to  provide  a  gamma  dose  In  excess  of  10^  r. 
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Four  2N33B  transistors,  which  are  the  type  used  in  this  circuit,  have  heen 
irradiated  simultaneously  with  another  experiment  now  in  progress.  Curves 
of  beta,  the  ccmmon-emltter  forward  transfer  current  ratio  (b^^)  versus 
ganana  dose,  are  shown  in  Fig.  3.7.  It  can  be  seen  from  these  curves  that 
the  multivibrator  action  is  expected  to  fail  after  approximately  350  hours 
of  irradiation  since  the  triggering  level  is  a  function  of  beta.  Cxuves 
for  the  collector-base  leakage  current  versus  gamma  dose  for  these 
transistors,  are  shown  in  Fig.  3>B.  These  curves  show  an  indication  of  the 
expected  change  of  the  cutoff  currents  of  the  circuits  during  irradiation. 

Hie  circuit  parameters  which  we  expect  to  monitor  during  irradiation 
Include: 

(a)  Minimum  triggering  voltage 

(b)  Switching  times  (rise  and  decay  times) 

(c)  Operating  points  (saturation  and  cutoff  currents) 

(d)  Minimum  supply  voltage  required  for  100^  triggering. 
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CIRCUIT  SPECIFICmONS 

=  20  ohms,  l/2  w,  % 

Rg  =  910  ohms,  1/2  w,  % 

R^  =  20  ohms,  l/2  w,  5^6 
Rj^  =  20  ohms,  l/2  w, 

R^  =  10  ohms,  1/4  w, 

Cr  =  Radio  receptor  IN  658  (Substituted  for  Texas  Instruments  IN  645) 
Tj^  =  Texas  Instruments  2N  498 
Tg  =  Texas  Instnanents  2N  389 

TR  =  Pulse  engineering  strattan  10  mh;  l^pe  BP  71-2250 

OPERATING  SPECIFICATIONS  (ideal): 

Input;  10  microseconds,  3-^  volt  pulse 

pulse  repetition  frequency:  1000  pps 

Output; 

Monitor  'A'  j  10  microseconds,  10  volt  pulse 
Monitor  'B'  ;  10  microseconds,  15  volt  pulse 
Both  stages  are  non-conductln,;^'  until  blocking  oscillator  Is  triggered. 

Flc,.  3.1  Magnetic  Core  Driver  Schematic  Diagram  and  Specifications 
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(b)  Relative  Position  of  Irradiation  Source  and 
Coaqjionents  irradiated 


f  Fig.  3-2  Experimental  Set-up  for  Memory  Core  Driver  Test 

1 

t 
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CIBCUTF  PARAMETERS  vb  D06AOE 


PROBABUB  CAUSES 


Increase  In  triggering  levels  Is  caused  by  a  de¬ 
crease  In  beta,  nils  Is  caused  by  a  reduction  of 
the  minority  carrier  lifetime  which  the  result  of 
SA  Increase  In  the  number  of  recombination  centers 
In  the  base  region.  Increase  In  triggering  level 
Is  necessary  to  congpensatlon  for  decrease  In  the 
gain  of  the  amplifier  section  of  the  blocking 
oscillator.  The  "dip"  In  the  triggering  level  Is 
not  understood. 


Output  "A": 

Decrease  of  pulse  width  Is  caused  by  a  decrease  In 
the  back  resistance  of  the  diode  allowing  escape 
of  charge  from  the  base  region  of  Tj^.  Inductance 
Increase  In  coll^  Increase  In  Input  capacitance  In 
the  transistor  and  changes  In  the  resistance  of  R2 
are  ruled  out. 

Output  "B": 

Storage  time  of  T2  Is  decreased  due  to  Increase 
of  recombination  centers  In  the  base  region  which 
causes  a  decrease  of  the  "pulse  stretching"  effect 
of  the  power  amplifier. 


Fig.  3~3  Variation  of  Memory  Core  Driver  Circuit  Parameters 
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CIRCUIT  PARAMKCERS  vs  D08A0E 


FRODABLB  CAUSES 


Increase  In  rise  tlm  is  due  to  an  increase  in 
the  effective  input  capacitance  of  Increase 
of  recombination  centers  in  the  base  region 
causes  the  effective  input  capacitance  to  in> 
crease  since  more  time  is  required  to  saturate 
the  base  region  with  charge  ceurriers.  This 
effect  is  more  proainent  in  T2  than  in  T^^  due  to 
the  difference  in  base  widths. 


Decrease  in  decay  tine  is  due  to  an  increase  In 
recombination  centers  in  the  base  region  of  Tj^. 
This  change  is  reflected  in  the  power  aiaplifier. 
The  initial  increase  in  the  decay  tine  in 
circuit  is  followed  by  a  decrease  is  not  under- 
stood  at  this  tine. 


Fig.  3-3  (cont)  Variation  of  Memory  Core  Driver  Circuit  Parameters 
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CIBCUrr  PARAMETERS  vb  IXX3AOE  PROBABUS  CAUSES 

e 

4 

2 

0 

I  10*  10*  10*  icf 

ROENTOEN 


Output  "A”:  Initial  decrease  In  anqtlltude  Is  due 
to  an  Increase  In  Indicating  poor  operating 
point  stabilization.  The  Increase  In  anqplltude 
which  follows  Is  due  to  a  decrease  In  the  satura> 
tlon  resistance  of  T]|^.  Decrease  In  saturation 
resistance  is  due  to  an  Increase  In  the  number 
of  recombination  centers  in  the  base  region  of 
T^#  which  reduces  the  minority  carrier  lifetime. 

Output  "B**:  Increase  In  amplitude  Is  due  to  de¬ 
crease  In  saturation  reslstwce  of  To.  Operating 
point  of  T2  Is  very  well  stabilized  due  to  low 
resistance  In  the  base  circuit. 


3~3  (cont)  Variation  of  Memory  Core  Driver  Circuit  Parameters 
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BEFORE  IRRADIATION 
HORIZONTAL  SCALES:  ALL  5/iS/OIV. 
VERTICAL  SCALES 
TOP:  2V/DIV 

MIDDLE:  SV/DIV 

bottom:  5V/DIV 


AFTER  1.2  X  loi'  ROENTGENS 
HORIZONTAL  SCALES:  5/x  S/DIV. 
VERTICAL  scales:  5V/0IV. 


Pig.  Memory  Core  Driver  Wavefoims 
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Fig.  3“5  Ferrite  Core  Logic  Circuit 


Fig.  3*6  Bistable  Multivibrator  (Flip-Flop) 
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Fig.  S-J  Conmon  Emitter  Forward  Current  Ratio  (Beta)  vs  Gamma  Dose 
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SECTION  4.0 

INTERPRETATION  OF  EXPERIMENTAL  RESULTS 

k.l  SEAK3H  FOR  THE  WEAKEST  CIRCUIT  COMPONENT 

Hie  operation  of  electronic  circuits  in  the  presence  of  radiation  depends 
primarily  upon: 

(a)  The  circuit  components,  in  particixlar  the  one  or  two  most  sensitive 
components  such  as  a  transistor  or  a  diode 

(b)  the  circuit  design,  which  determines  the  effect  of  the  most 
Sensitive  components  on  circuit  performance 

(c)  The  required  stability  of  each  circuit  parameter,  specified  by 
the  function  of  the  circuit  and  the  desired  reliability  of 
performance 

In  the  circuits  under  consideration  in  Section  3>  semiconductor  devices  were 
found  to  be  the  most  sensitive  components.  If  semiconductor  devices  can  be 
improved  in  structure  or  if  their  performance  can  be  improved  by  circuit 
design,  other  components  will  likely  determine  the  effect  of  radiation  damage 
on  the  circuit.  In  addition  the  circuit  may  be  affected  by  radiation  Induced 
damage  which  is  Independent  of  circuit  components.  An  example  would  be  leakage 
currents  produced  by  conducting  surface  layers.  It  is,  therefore,  advisable 
to  examine  the  cause  of  failure  and  to  locate  the  weediest  circuit  ccxnponents. 

k.2  RELIABILITY 

Hie  reliability  of  a  circuit  may  be  assessed  by  investigating  experimentally 
the  circuit  parameters  upon  which  the  operation  of  the  circuit  depends.  The 
permissible  variation  of  each  critical  circuit  parameter  should  then  be  de¬ 
fined  by  establishing  limits  of  tolerance. 
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It  Is  often  desirable  to  specify  permissible  variations  on  those  components 
which  affect  the  critical  circuit  parameters.  Conversely,  If  the  variation 
of  deterioration  of  the  most  sensitive  components  Is  known,  this  will  pro¬ 
vide  criteria  for  the  selection  of  these  components  to  allow  the  designer 
to  meet  the  rei^ulred  tolerances  for  each  circuit  parameter. 

Parameters  of  manufactured  devices  often  vary  by  a  factor  of  two,  due  to 
production  spreads.  It  Is,  therefore,  desirable  to  specify  each  parameter 
by:  (l)  an  average  value  and,  (2)  Its  deviation  from  this  average.  Thus 
circuit  parameters  as  well  as  components  must  be  treated  as  statistical 
variables,  limiting  the  significance  of  any  measurement  on  any  individual 
unit. 

A  question  then  arises  regarding  size  of  a  significant  sample.  In  view  of 
the  inherent  spread  in  device  parameters,  it  appears  reasonable  to  use  a 
sample  size  as  given  in  Table  U.l. 

To  Illustrate  the  procedures  used,  assume  that  we  wish  to  obtain  an  estimate 
of  the  deterioration  of  "beta”  of  a  transistor.  From  data  presented  in 
Fig.  3<7,  assume  that  the  average  Is  to  be  given  by  the  30  percentile  within 
a  factor  of  two,  while  the  range  need  not  be  better  known  than  by  an  order- 
of -magnitude  estimate  and  should  be  specified  by  1^  failure  as  the  lower 
limit  and  lit  survival  as  the  upper  limit.  From  l^ble  h.l  a  sample  size  of 
about  four  is  recommended  for  the  accuracy  specified. 

From  Fig.  3*7  one  obtains  the  transistor  performance  as  a  function  of  dose 
for  a  sample  of  four  units  and,  in  paxi^icular,  the  dose  at  which  the  tran¬ 
sistor  must  be  derated  by  10)(,  20^  or  30^.  A  corresponding  probability  plot 
based  on  a  sample  of  four  tmlts  is  shown  In  Fig.  4.1  with  "derating”  as  a 
running  parameter.  The  median  can  be  read  off  with  a  probable  error  which 
is  well  within  a  factor  of  two.  Ibe  limit  of  failure  and  the  limit  of 
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survival,  both  taJten  at  the  one  percentile  level,  must  be  obtained  from 
Fig.  4,1  by  extrapolation.  Ihe  reliability  of  these  extrapolated  vEilues 
is  only  indicative  of  the  order-of -magnitude , 

Derating  curves  are  presented  in  Fig.  4.2  (here  the  median  is  shown  more 
accurately  than  the  upper  and  lower  limits ) .  Hie  sample  size  selected  to 
obtain  Fig.  4.1  and  Fig.  4.2  provides  a  satisfactory  starting  point  for  a 
design  theory.  To  obtain  curves  useful  for  practical  design  of  circuits, 
a  sample  of  double  or  four  times  this  size  is  probably  desirable. 

4.3  DESIGN  THEORY  FOR  CIRCUIT  STABILIZATION 

Considerable  progress  has  been  made  on  a  design  theory  to  stabilize  the 
gain  of  an  amplifier  stage  of  transistor  circuits  by  active  feedback. 

Since  this  work  will  foim  the  subject  of  a  sex>arate  report,  it  will  only 
be  briefly  mentioned  here. 

The  simxiltaneous  deterioration  of  similar  transistors  due  to  radiation 
damage  is  employed  to  stabilize  circuit  characteristics  by  using  one 
transistor  as  a  feedback  element.  The  relative  merit  of  a  number  of 
circuit  configurations  are  examined  on  the  basis  of  overall  current  and 
voltage  amplification,  battery  requirements,  transistor  symmetry,  and 
similar  factors.  The  requirement  of  both  stabilization  and  amplification 
are  simultaneously  satisfied  for  the  common-emitter  configuration  which 
uses  a  transistor  in  the  common-collector  configuration  as  a  feedback  ele¬ 
ment.  Design  curves  for  this  configuration  are  devised  for  typical  cases 
to  illustrate  the  usefullness  of  this  method  of  stabilization. 

It  is  planned  to  verify  experimentally  this  method  of  radiation  stabi¬ 
lization  by  designing  and  testing  a  number  of  circuits  with  active  feedback. 
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We  have  examined  to  a  lesser  extent  other  aspects  of  a  design  theory 
for  stabilization  against  radiation  damage.  Ihese  Include: 

(a)  (grating  point  stabilization 

(b)  Simultaneous  temperature  and  radiation  stabilization 

(c)  Reliability  of  circuit  performance  under  radiation 

(d)  Sensitivity  of  circuit  parameters  to  radiation  damage 

(e)  Design  of  circuits  to  operate  In  the  presence  of  radiation 
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TABLE  4.1 

APPROXIMATE  SAMPLE  SIZE  NECESSARY  TO  OBTAIN,  (l)  THE  AVERAGE  AND 

(2)  THE  DEVIATION  WITHIN  A 
DESIRED  ACCURACY 


Accxiracy  Desired 

(l)  Average 

(2)  Deviation 
or  Range 

Accuracy  of  estimate  not  ascertainable  i 

1 

2 

Estimate  vlthln  an  order  of  magnitude 

2 

4 

Estimate  vlthln  a  factor  of  two 

k 

8 

Estimate  vlthln  about  ^0^ 

8 

16 

Estimate  vlthln  about  20^ 

16 

32 

Estimate  vlthln  about  1/N 

(N  +  if 

2  (N  +  if 

31 


32 


4.1  Failure  Analysis  for  Derated  ^fe  of  2N  338  Transistor  (H  =  4) 


Fig.  k.2  Failure  Analysis  of  Derated  hjg  of  2H  338  Transistors  (H  *  l^) 
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APPENDIX 

CONVERSION  FACTORS  FOR  THE  DOSIMETRY  COMPUTATIONS 


flux  >  (partlcals/volume)  x  (velocity) 
in  the  cgs  syatem: 

Flux  ■  photons/cm  /sec  for  gaiana  or  x-raye 
2 

•  neutrona/cm  /sec  or  nv  for  neutrona 
1  roentgen/hr  «  5  x  10^  photona/cm^/aec 
for  1  Mev  gaama  photona 

Ooae  »  (partlcala/volume)  x  (velocity  x  (tiaw) 

«  Flux  X  Time 
in  the  cgB  ayatem: 

Doae  «  photona/cm"  for  gaitniH  or  x-rnys 
2 

=  neutrona/cm  or  nvt  for  neutronr. 

1  roentgen  *  amount  of  gamma  or  x-ray  radiation  which  will  produce  1  eau  of 
charge  as  iona  per  cubic  centimeter  of  air  under  atandard  condltione 
For  Cdbalt-60j 

Energiea  of  ^  photona  -  1«17  nnd  1«33 

Q  2 

1  roentgen  ■  1.6  x  10^  photona/cm 
1  r/hr  -  4.4U  x  10^  photona /cm  /aec 
FLux  (r/hr)  ■  6.63  x  10^ 

Where 

60 

H  ■  atrength  of  Co  aource  in  curiea 
c 

r  *  distance  from  aource 
1  curie  ■  3«7  X  10^^  dislntegration/aec. 
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The  simiiltaneous  deterioration  of  similar  transistors 
due  to  radiation  damage  is  employed  to  stabilize  cir¬ 
cuit  characteristics  by  using  one  transistor  as  a,  feed¬ 
back  element.  The  relative  merits  of  a  number  of  circuit 
configurations  are  examined  on  the  basis  of  over-all 
current  and  voltage  amplification,  battery  requirements, 
transistor  symmetry,  and  similar  factors.  The  require¬ 
ments  of  both  stabilization  and  amplification  are  simul¬ 
taneously  satisfied  for  the  common- emitter  configuration 
using  a  transistor  in  the  common- collector  configuration 
as  a  feedback  element.  Design  curves  for  this  configura¬ 
tion  are  given  for  typical  cases  to  illustrate  the  use¬ 
fulness  of  this  method  of  stabilization.  Operating  point 
stabilization  is  briefly  discussed. 

INTRODUCTION 

1.1  Scope  of  Investigation 

The  forthcoming  use  of  nuclear  power  soui’ces  in  aircraft,  rockets, 
suad  other  vehicles  is  expected  to  create  new  and  chEillenging  problems  in  the 
use  of  electronic  circuits.  In  particular,  circuits  employing  semiconductor 
devices  in  strong  nucleeu:  radiation  fields  will  involve  problems  likely  to 
become  critical. 

This  report  presents  the  effects  and  a  means  of  stabilizing  tran¬ 
sistor  circuitry  against  nuclear  radiation  damage.  The  method  presented  here 
depends  priraeirily  upon  the  use  of  feedback  stabilization  with  an  active  ele¬ 
ment.  For  this  purpose  a  transistor  is  used  in  the  feedback  circuit.  It  is 
desirable,  as  will  be  shown,  that  the  feedback  transistor  be  identical  to  that 
used  in  the  basic  amplifier. 

One  of  the  most  pronounced  effects  of  nuclear  radiation  on  tran¬ 
sistors  is  the  variation  of  "beta",  the  common-emitter  forward  current 
ratio  (bjg)*  The  purpose  of  this  method  of  stabilization  is  to  minimize 
the  effect  of  this  variation. 
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Relationships  giving  the  parameter  variations  of  the  compensated 
circuits  in  terms  of  the  "beta"  of  the  individual  transistors  are  derived. 

Prom  these  relationships  typical  design  curves  are  computed.  The  circuit 
performance  with  active  feedback  is  compared  to  that  of  a  similar  circuit 
using  passive  feedback  stabilization  and  to  that  of  one  using  no  feedback. 

Some  aspects  of  operating  point  stabilization  are  also  discussed. 

In  the  Appendix  the  relationships  for  compensated  networks  are 
derived  using  signal  flow-graph  analysis. 

1.2  Radiation  Effects  on  Circuitry 

The  following  types  of  nuclear  radiations  are  primarily  responsible 
for  variations  in  circuit  parameters  which  lead  in  some  cases  to  failtare: 

1.  Gamma  radiation 

2.  Thermal  or  "slow"  neutron  radiation 

3.  Epicadmiiam  or  "fast"  neutron  radiation. 

These  are  the  types  of  radiations  which  are  found  in  various  pro¬ 
portions  in  the  vicinity  of  a  nuclear  reactor  depending  upon  the  amoimt  and 
type  of  shielding  which  is  present. 

A  comprehensive  accomt  of  radiation  effects  in  solids  is  given  by 
Dienes  and  Vineyard  (1957).  Radiation  effects  on  electronic  components  are 
being  continually  simanarized  and  abstracted  hy  the  Radiation  Effects  Informa¬ 
tion  Center  of  the  Battelle  Memorieil  Institute. 

The  effects  of  nuclear  irradiations  on  transistors  have  been  in¬ 
vestigated  by  Pigg  and  Robinson  (1956),  Steele  (1956),  Messenger  and  Spratt 
(1956),  and  others.  From  the  above  investigations  the  following  facts  of 
peurtlcular  interest  to  this  investigation  can  be  stated: 

1.  In  most  circuits  the  semiconductor  devices  are  most  vulnerable 
to  nuclear  irradiation, 

2.  Damage  or  impairment  of  circuit  operation  may  be  of  two  types; 

a.  Permanent  damage  caused  by  disruption  of  atomic 
structure  which  is  cumulative  with  time. 

b.  Temporary  damage,  such  as  ionization,  which  per¬ 
mits  the  circuit  to  return  to  normal  operation 

a  short  time  after  the  radiation  source  is  removed. 

3.  The  extent  of  damage  incurred  is  dependent  upon  the  energy  of 
the  particles,  the  type  of  radiation,  smd  the  accumulated 
dose. 

4.  While  the  extent  of  damage  depends  upon  a  large  number  of 
factors,  an  estimate  of  the  relative  ionization  allows  a  com¬ 
parison  of  the  temporary  damage  caused  by  the  three  types  of 
nuclear  radiations.  According  to  Pigg  and  Robinson  (1956) 
fast  neutrons  remove  approximately  23OO  times  as  many  electrons 
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as  gamma  rays  and  approximately  l4  times  as  many  electrons 
as  slow  neutrons.  Hence  the  ratio  of  fast  neutrons,  to 
gamma  photons,  to  slow  neutrons,  necessary  for  each  to  pro¬ 
duce  the  same  temporary  damage,  is  1:14:2300* 

5-  Damage  due  to  gamma  irradiation  is  mostly  temporary, 

6.  Damage  due  to  neutron  irradiation  is  mostly  permanent, 

1.3  Radiation  Effects  on  Transistor  Parameters 

The  transistor  parameters  which  appear  to  he  most  sensitive  to 
nuclear  irradiation  are  beta,  the  common-emitter  forward  current  ratio 
and  the  collector  to  base  leakage  cturrent  (l  ).  Nuclear  irradiation  also 
causes  reduction  of  the  breakdown  and  "pimch-?hrough"  voltages  of  a  transistor. 
Variations  that  occur  in  other  parameters  are  usually  quite  small  and  can,  in 
most  cases,  be  neglected. 

The  collector  to  base  leakage  current  usually  rises  very  quickly 
to  a  saturation  level  which  is  dependent  upon  the  rate  of  irradiation.  This 
effect  can  be  attributed  to  initial  surface  ionizing  effects.  then  con¬ 

tinues  to  Increase  at  a  rate  which  is  a  function  of  the  accumulated  dose, 
until  the  bulk  ionization  rate  equals  recovery  rate  of  the  transistor.  Ex¬ 
perimental  curves  of  vs  gamma  dose  for  one  type  of  silicon  transistor  and 
two  types  of  germanim  transistors  are  shown  in  Fig.  1.1.  These  curves  agree 
fairly  well  both  theoretically  and  experimentally  with  Pigg  and  Robinson  (1956) 
and  Steele  (1956). 

At  this  time  it  has  become  fairly  well  established  that  beta  de¬ 
creases  montonicedly  with  neutron  dose  for  silicon  transistors.  However,  in 
many  cases,  beta  of  germanium  transistors  increases  initially  and  then  decreases 
monotonically  with  radiation  dose.  Experimental  c\arves  illustrating  variations 
of  beta  with  gamma  dose  for  the  above  mentioned  silicon  and  germanim  tran¬ 
sistors  are  shown  in  Fig.  1.2. 

According  to  Messenger  emd  Spratt  (1957)^  n-type  germaniimi  is  least 
sensitive  to  radiation  damage  followed  ly  p-type  germanium,  n-type  silicon, 
and  p-type  silicon,  in  that  order.  This  is  based  upon  a  "damage  constant" 
given  for  these  materials  which  gives  a  measure  of  their  sensitivity  to  neutron 
irradiations.  Since  the  base  is  considered  to  be  the  most  critical  region  of 
the  transistor,  one  can  conclude  that  within  a  given  frequency  or  power 
classification,  pnp-germani\mi  transistors  should  be  least  sensitive  to  nuclear 
irradiation  followed  by  npn-germanium,  pnp-silicon,  and  npn-silicon  transis¬ 
tors  in  that  order.  Other  factors  such  as  size  and  geometry  of  the  device, 
thickness  of  the  base  region,  and  manufacturing  process,  must  be  taken  into 
consideration  when  choosing  a  particular  type  of  tremslstor  for  use  in  a 
nuclear  environment. 
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Fig.  1.2  Forward  Current  Ra.tio  (Beta)  vs  Gamma  Dose 
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1.4  Technlq.ueB  for  Circuit  Stabilization 

There  axe  many  techniques  which  can  he  employed  to  stabilize 
transistor  circuit  performance  against  changes  in  beta.  Many  of  the 
techniques  now  employed  for  temperature  stabilization,  for  example,  can 
be  directly  applied  to  radiation  stabilization.  Other  methods  for  radia¬ 
tion  stabilization  will  no  doubt  be  discovered  when  radiation  problems  be¬ 
come  more  acute.  Some  of  the  stabilization  methods  which  seem  to  show 
promise  are: 

1.  Techniques  such  as  the  use  of  base  current  feedback,  as 
described  by  Boxall  (1957 )>  which  make  the  over-all  cir¬ 
cuit  performance  independent  of  the  parameter  changes  of 
a  sensitive  element, 

2.  Compoiand  transistor  exrangements  such  as  those  given  by 
Darlington*  and  Boxall  (1957)* 

3.  Feedback  stabilization  methods  such  as  those  described  by 
Lo  (1955 )>  Hunter  (1956),  Ghandl  (1953 )>  and  Guggenbuhl  and 
Schneider  (1956), 

4.  Active  feedback  stabilization  techniques  such  as  suggested 
in  this  paper  where  the  deterioration  of  a  device  in  the 
feedback  network  compensates  for  deterioration  in  the 
amplifying  device. 

It  is  noteworthy  that  most  temperat\are  stabilization  techniques 
are  directed  toward  improving  the  stability  of  the  operating  point  of  the 
transistor  rather  than  its  gain.  This  is  understandable  since  beta  has  a 
tendency  to  increase  with  temperatiare  rather  thsm  decrease  emd  thus  there 
will  always  tend  to  be  gain  in  the  device,  provided  the  operating  point  is 
stabilized.  However,  continued  use  of  a  transistor  in  a  radiation  environ¬ 
ment  will  ultimately  result  in  complete  deterioration  of  beta,  and  it  would 
seem  therefore  that  more  emphasis  will  probably  be  placed  upon  this  type  of 
stabilization. 

1.5  Operating  Point  Stabilization 

It  can  be  seen  from  Fig.  1.1  that  the  behavior  of  I^q  in  radiation 
environments  is  similar  in  many  respects  to  that  encountered  in  temperat\are 
environments.  For  this  reason,  techniques  for  stabilization  of  the  operating 
point  against  temperature  changes  such  as  those  given  by  Shea  (1957)  and  Lo 
(1955)  can  also  be  used  for  stabilizing  against  radiation.  Methods  which 
take  advantage  of  the  increase  of  the  leakage  cvirrents  in  a  semiconductor 
diode  should  be  partic\ilarily  suitable. 

Since  thermistors  are  not  particularlly  sensitive  to  radiation  dam¬ 
age,  the  use  of  these  devices  in  combined  temperature  euad  nuclear  environ¬ 
ments  offers  the  possibility  of  stabilizing  circuits  against  changes  of  Iqo 
due  to  temperature.  Independently  of  those  changes  due  to  nuclear  reidiatlon. 

*  Patent  No.  2,663,806  assigned  to  Bell  Labs. 
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2.  FEEDBACK  STABILIZATION 

2.1  Advantasos  of  Active  Feedback  Stabilization 

Although  most  passive  feedback  stabilization  techniques  are 
simple  to  realize  in  practice  as  well  as  easy  to  analyze  theoretically, 
they  present  a  serious  disadva-ntage  when  used  for  stabilization  against 
large  changes  in  beta  such  as  are  encountered  in  strong  radiation  fields. 
Namely,  while  the  gain  of  the  circuit  is  being  drastically  affected,  the 
feedback  ratio  does  not  change  appreciably  when  the  feedback  circuit  is 
purely  resistive.  Figure  1.2  shows  that  if  identical  transistors  are 
used  in  both  the  feedback  circuit  and  the  basic  amplifier  the  feedback 
ratio  should  change  at  a  rate  identical  to  that  of  the  uncompensated 
amplifier.  Thus  the  circuit  designer  can  be  reasonably  assured  that, 
despite  production  spreads,  the  simultaneous  deterioration  of  identical 
transistoi’s  due  to  radiation  damage  should  produce  the  desired  stabiliz¬ 
ing  effect.  It  is  possible  to  stabilize  effectively  transistor  circuits 
against  changes  in  beta  by  using  a  suitably  matched  transistor  as  a  feed¬ 
back  element.  If  non-identical  transistors  are  used  the  circuit  designer 
must  give  careful  consideration  to  the  choice  of  transistors  to  be  assured 
that  the  feedback  will  change  in  the  desired  manner. 

2 . 2  Active  Feedback  Scabillzing  Circuits 

An  example  of  an  amplifier  with  active  feedback  is  illustrated 
in  Fig.  2.1.  The  pui^pose  of  the  resistsmce  Rp  in  series  with  the  active 
feedback  element  is  to  regulate  the  negative  feedback  and  hence  to  deter¬ 
mine  the  degree  of  stabilization. 

In  the  analysis  which  follows,  the  active  elements  (transistors 
in  this  case)  and  the  over-all  stabilized  amplifier  stage  are  described  by 
hybrid  parameters  as  follows : 

h  -  parameters  for  the  basic  or  uncompensated  element. 

h'-  parameters  for  the  feedback  element. 

H  -  parameters  for  the  compensated  or  combined  network. 

A  derivation  of  these  and  all  subsequent  formulas  is  given  in 
the  Appendix,  using  signal  flow-graphs;  derivations  by  other  methods  are 
more  lengthy. 
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INPUT 


Fig.  2.1  Amplifier  with  Single-loop  Active  Feedback 


The  hybrid  parameters  for  the  circuit  of  Fig.  2.1  are: 

(1)  =  h^  (Rp  +  h^')  /D 

(2)  ■  (Rph^  +  h.'  -  hjh^)  /D 

(3)  =  (Rph^  +  h^ '  -  h^h^)  /D 

(4)  +  (1/D)  (1  +  h^h^  -  h^h^'  -  hfh^'  -  +  h^ho'Vl^ 

where  D  =  R  (l  +  h.h^')  -  h,h„'h„  +  h.h  'h,  +  h,  (l  +  h.h  ). 

A  X  o  iri  iri  lo 

This  treatment  la  somewhat  similar  to  that  of  Ghandi  (l957)  on  the 
Darlington  Compound  Connection  for  Transistors. 
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APPLICyVTION  TO  A  TRANSISTOR  AMPLIFIER 
3.1  Possible  Configurations 

If  transistors  are  used  in  the  basic  active  feedback  amplifier 
shown  In  Fig.  2.1^  It  is  seen  that  there  are  nine  possible  standard  con¬ 
figurations.  This  Is  because  each  transistor  has  three  standard  configura¬ 
tions,  l.e.,  common-base,  common-emitter,  common- collector.  There  are 
meuiy  more  non-standard  or  "hybrid"  configurations  which  could  be  used  if 
one  or  both  of  the  transistors  are  used  In  a  non-standard  configurations 
(e.g.,  common-base  with  the  collector  Input).  The  nine  degenerative 
configurations  and  a  few  of  the  more  Important  characteristics  of  each 
are  presented  In  Table  3«1«  Only  the  dynamic  characteristics  are 
considered  here.  Biasing  considerations  are  discussed  In  Section  30> 


3.2  The  C^^non-emltter  Conflgm-atlon  with  Common-collector  Feedbadk 

Referring  to  Table  3.I,  it  can  be  seen  that  for  most  applications 
the  common-emitter  configuration  with  the  feedback  transistor  used  as  ccmmon- 
collector  (hereafter  referred  to  as  common- emitter,  common- collector)  offers 
certain  advantages  over  the  other  over-all  configurations.  IHiis  configura¬ 
tion  offers  both  voltage  and  current  amplification  with  a  hi^  degree  of 
stablliaatlon  against  changes  In  beta  which  none  of  the  others  cem  offer. 

The  reason  for  this  can  be  seen  from  the  following  considerations: 

1.  The  common- emitter  configuration  in  the  basic  \jncon5>enBated 
amplifier  is  the  only  one  that  offers  simultaneous  current 
and  voltage  an5)lification. 

2.  Only  when  the  feedback  transistor  is  used  as  common- 
collector  is  the  voltage  feedback  ratio  less  than  unity  for 
any  value  of  Rp.  Thus  voltage  amplification  is  always  possi¬ 
ble  with  this  over-all  configuration. 

This  configuration  is  also  one  in  which  identical  transistors  can 
be  used  with  a  single  power  supply.  It  is  unlikely  that  a  complementary  pair 
of  pnp  npn  transistors  could  be  found  which  exhibit  similar  degradation 
of  beta  Tinder  radiation  (see  Section  I.3).  Though  such  combinations  might 
seem  to  offer  useful  properties  in  the  convenience  of  biasing,  the  over-all 
ac  peurameters  could  not  be  held  to  EUiy  calculable  limits. 
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TADLE  3-1 

STAITOARD  OVERALL  CONFIGURATIONS  AND  THEIR  CHARACTERISTICS 
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3*3  Computation  of  Typical  Design  Curves  for  Active  Feedback  Stabilization 

The  H-parameterfi  for  the  common- emitter,  common-collector  configtira- 
tlon  can  be  calculated  as  follows,  using  equations  (l)  to  (4)(and  Thble  3.2). 


(5) 

“l  '  "le  "V  *  “ic) 

(6) 

“r  '  ("V  *  “lo  -  B 

(7) 

Hf  =  (  PIV  /D 

(8) 

“o  *  Ko  *  +  Ole^e  -  ■'r.'’ro  " 

“rAe  ^  (’V  *  "le)] 

where 

D  -  (1  t  B  -  (1  + 

and 

“fc 

TABLE  5.2* 
CONFIGURATION 


EARAMETER 

CCWMON 

COMMON 

COMMON 

BASE 

EMITTER 

COLLECTOR 

4o  ohms 

200  ohms 

2000  ohms 

h 

k  X  lo'^ 

36  X  10 

1 

r 

P 

■  p  +  1 

P 

-  (P  +  1) 

-6 

-6 

-6 

h 

1  X  10  mho 

X  10  mho 

50  X  10  mho 

o 

♦  Source:  Shea  (1957) 
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Figures  3.I,  3-2,  3-3^  and.  3.k  show  typical  variations  of  the  over¬ 
all  H-parameters  with  different  values  of  the  beta  of  the  identical  tran¬ 
sistors.  The  n\mierical  values  of  Table  3.2  were  used  for  the  parameters  of 
the  identical  transistors  in  the  computation  of  these  curves. 


The  expressions  for  the  current  and  voltage  gains  of  the  active 
feedback  compensated  amplifier  are  derived  in  the  Appendix.  These  deriva¬ 
tions  assume  an  ideal  signal  generator  and  the  effects  of  the  source  impedance 
are  neglected.  The  voltage  gain  of  the  compensated  amplifier  is 

(9)  \h  -W 


and  the  current  gain  is 

(10)  V 

where  is  the  load  resistance. 


The  power  gain  is  thus, 


(11) 


P  -  A  A* 

H  ■  vH  iH 


Typical  curves  for  A.„,  A  and  P  as  functions  of  beta  are  shown  in  Figs.  3*5> 
3.6,  and  3*7  for  load  resistances  of  120  0,  IKO,  and  lOKft,  and  R^,  =  lOCK  fi  . 

3*^  Comparison  of  Active  and  Passive  Techniques 

It  is  of  interest  to  compare  the  active  feedback  amplifier  with  a 
similar  amplifier  using  only  passive  feedback.  A  much-used  amplifier  of  this 
type  is  obtained  by  removing  the  active  element  from  the  feedback  network  shown 
in  the  circuit  of  Fig.  2.1,  leaving  only  a  resistance  between  the  input  and 
output . 


The  hybrid  parameters  for  an  amplifier  with  a  resistance  R_'  between 
the  input  and  output  are: 


(12) 

(13) 
(Ilf) 

(15) 

where 


Hi'  =  h^R^'/z 

Hr'  =  +  H^)/Z 

=  (Rp'h^  -  h^)/z 

®o'  =  ^0  ^ 

Z=  Rp'  + 


Since  is  the  only  parameter  dependent  upon  the  forward  transfer  current 

ratio  (h  ),  this  quantity  is  plotted  in  Fig.  3*3  for  the  common-emitter  con¬ 
figuration  for  various  values  of  R^,'  The  values  of  R^,'  were  chosen  such  that 

when  p  =  50.  The  transistor  parameters  given  in  Table  3.2  were  used 
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in  the  calculations.  It  is  seen  from  Fig.  3*3#  that  to  obtain  the  same 
degree  of  stabilization  achieved  by  tlie  use  of  active  feedback,  values  of 
Rji'  must  be  chosen  which  would  render  the  amplifier  useless.*  This  is  due 
to  the  excessive  amount  of  collector  voltage  fed  back  to  the  base.  This 
trouble  is  not  encountered  with  active  feedback,  due  to  the  large  values 
of  Rj>'  that  can  be  used  and  the  small  voltage  amplification  of  the  common 
collector  feedback  transistor. 

From  the  foregoing  statements  and  Pigs.  3*1  to  3-7^  the  follow¬ 
ing  observations  are  made: 

1.  For  active  feedback  stabilization,  all  of  the  H-parameters 
ai-e  functions  of  beta,  while  with  passive  feedback  stabiliza¬ 
tion,  only  Hp'  is  a  function  of  beta. 

2.  The  short-circuit  input  impedance  is  decreased  by  active  feed¬ 
back  but  increases  as  beta  decreases . 

3.  The  open-circuit  feedback  ratio  is  greatly  increased  when 
active  feedback  is  used.  However,  Hj.  decreases  while  beta 
decreases . 

4.  Active  feedback  with  identical  transistors  results  in  a 
greater  stabilization  of  the  current  amplification  factor. 

5 .  The  open  circuit  output  admittance  is  increased  by  active 
feedback.  However,  H^  decreases  as  beta  decreases. 

6.  From  Fig.  3*5^  it  can  be  seen  that  for  small  load  resist¬ 
ances  active  feedback  provides  very  little  voltage  gain 
stabilization.  However,  as  the  load  resistance  Rp,  is  in¬ 
creased,  the  voltage  gain  becomes  more  stabilized  with  very 
little  sacrifice  in  gain.  To  realize  the  same  degree  of 
stabilization  with  the  passive  technique  we  have  used  would  re¬ 
quire  the  sacrifice  of  essentially  all  of  the  original  voltage 
gain. 

7*  5T.g.  3.6  shows  that  the  amplifier  current  gain  cein  be  made  very 

stable  against  changes  in  beta  if  a  corresponding  sacrifice  in 
current  gain  can  be  tolerated.  It  can  be  seen  that  for  certain 
values  of  Rp  the  c\irrent  gain  will  actually  be  made  to  increase 
while  beta  decreases.  One  can  see  from  equation  10  and  Fig.  3*4 
that  this  is  a  result  of  the  behavior  of  Hq.  This  effect  cannot 
be  obtained  with  the  passive  technique  we  have  used  since  H^'  is 
not  a  function  of  beta. 

6.  It  can  be  seen  from  Fig.  3*7  that  the  power  gain  of  a  transistor 
amplifier  can  be  made  highly  stable  against  changes  in  beta  by 
the  \ise  of  active  feedback.  However,  considerable  power  gain 
must  be  sacrificed  in  order  to  obtain  this  high  degree  of  sta¬ 
bilization  . 


*Appllcation  of  passive  feedback,  by  means  of  an  un-bypassed  emitter  resistor, 
requires  large  resistances  which  also  render  the  amplifier  useless. 
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Fig.  3*1  Short  Circuit  Input  Impedance  vs  Beta 


51g.  3*2  Open  Circuit  Feedback  Ratio  vs  Beta 
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BETA 


PiG*  3*3  Overall  Current  Amplification  Factor  vs  Beta 


Fig.  3*^  Open  Circuit  Output  Admittance  vs  Beta 
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Gain 
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Fig.  3.7  Power  Gain  vs  Beta 
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3.5  Design  Considerations 

The  conmon-emltter,  common-collector  configuration  was  chosen  to 
Illustrate  the  technique  of  radiation  stabilization  ly  use  of  Identical 
transistors  In  an  active  feedback  arrangement.  However,  choice  of  one  of  the 
other  configurations  shown  In  Fig.  2.1  may  be  desirable  In  certain  applica¬ 
tions.  Special  care  must  be  taken,  however,  to  be  sure  that  the  phase  rela¬ 
tionships  are  correct  (l.e.,  that  the  circuit  is  degenerative).  For  exaaiple, 
the  use  of  identical  transistors  in  the  common-emitter,  common- emitter  arrange¬ 
ment  results  in  a  regenerative  rather  than  a  degenerative  amplifier.  Use  of 
con5)lementary  transistors  in  this  arrangement  results  In  the  proper  phase 
relationship.  However,  a  very  complicated  biasing  problem  is  encoimtered. 

Thus  far,  only  the  ac  chenracterlstics  of  the  single-stage  active 
feedback  amplifier  have  been  considered.  Even  though  the  determination  of 
the  proper  biasing  conditions  and  required  circuitry  are  a  necessary  part 
of  any  an^jlifier  design,  this  problem  is  not  considered  within  the  scope  of 
this  paper.  However,  it  should  be  noted  that  if  no  additional  circuitry 
other  than  a  load  resistance  is  used  in  the  circuits  of  Pig.  2.1,  the  degree 
of  Btabllization  which  can  be  attained  will  be  dictated  by  the  biasing  re¬ 
quirements  of  the  transistors  involved. 

In  order  to  minimize  the  effects  of  an  increase  of  input  impedance 
with  decrease  in  beta,  the  active  feedback  amplifier  stage  should  be  driven 
from  a  signal  source  with  a  fairly  high  output  impedance.  Maintaining  an 
impedance  match  between  the  inputs  and  outputs  of  successive  active  feed¬ 
back  compensated  stages  may  prove  to  be  difficult  but  not  inqjossible  since 
both  H.  and  1/H  increase  as  beta  decreases.  However,  when  a  close  imped¬ 
ance  match  betwien  stages  is  required,  this  method  of  stabilization  should 
probably  be  avoided. 

As  long  as  identical  transistors  are  used  with  the  method  of 
radiation  stabilization  described  in  the  preceeding  sections,  the  circuit 
designer  can  be  reasonably  assured  that  the  betas  of  the  transistors  will 
deteriorate  in  an  identical  manner  in  a  given  radiation  flux.  When  non¬ 
identical  transistors  are  used,  considerable  care  should  be  taken  to  be 
assured  that  the  radiation  cheureicterlstics  of  both  transistors  are  known, 
if  the  performance  of  the  conq>ensated  circuit  is  to  be  predicted. 
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k.  EXPERIMENTAL  VERIFICATION  OF  STABILIZATION  DESIGN  THEORY 
4.1  Test  on  Common-eniitter,  Common- collector  Amplifier 

A  test  was  made  on  a  common-emitter,  common- collector  amplifier 
using  2N558  transistors  which  were  very  nearly  identical.  A  90- curie  Co  60 
gamma  source  was  used  which  provided  a  flux  (dose  rate)  of  approximately 
3  X  lo5  r/hr.  The  test  was  halted  after  an  irradiation  time  of  138  hours, 
or  about  4  x  lO^r. 

Figure  4.1  shows  the  "variations  in  the  short  circuit  current  gains 
of  "both  the  individual  transistors  and  the  compensated  ampJJ.fier  with  gamma 
dose.  Notice  that  the  betas  of  the  identical  transistors  deteriorated  almost 
identically.  It  is  seen  that  can  be  made  very  stable  up  to  approximately 
10  roentgens.  However,  the  compensated  amplifier  cannot  function  beyon  the 
point  at  which  the  transistor  action  is  completely  destroyed.  This  point  is 
approximately  10®  roentgens  for  Type.2N338  transistors. 

Figure  4.2  shows  the  "mriatlons  of  the  voltage,  current  and  power 
gains  of  the  amplifier  "with  R_  =  490  K  fl  and  a  5  K  0  load  resistance.  The 
amplifier  was  driven  from  a  100  K  0  signal  source.  Notice  the  increase  in 
the  current  and  power  gains  between  10^  and  10®  roentgens.  A  study  of  Fig¬ 
ures  3*6,  3*7  and  4.1  will  show  that  this  effect  was  predicted  by  the  design 
theory  for  certain  -values  of  load  resls-tances . 


5.  SUMMARY: 

As  more  and  better  Infonsatlon  on  the  behavior  of  trsinslstors  in  nuclear 
en-vlronments  is  reported,  it  is  beccoing  well  established  that  one  of  the  more 
serious  effects  is  the  ultimate  deterioration  of  beta.  Thus,  techniques  for 
radiation  stabilization  against  changes  In  beta  are  needed  which  will  allow 
circuits  to  operate  over  longer  periods  of  time.  However,  no  stabilization 
method  Is  of  use  after  the  tremslstor  action  Is  destroyed  by  the  radiation 
field.  It  Is  then  up  to  the  transistor  designer  to  find  ways  to  make  tran¬ 
sistors  more  radiation  reslstemt.  Until  then,  there  Is  no  known  "way  other 
than  shielding,  to  make  tzanslstor  circuits  operate  Indefinitely  In  strong 
radiation  fields. 

The  method  of  radiation  stabilization  proposed  In  this  report  tedces  ad¬ 
vantage  of  the  fact  that  Identical  treuislstors  have  a  tendency  to  deteriorate 
Identically  In  radiation  fields.  In  this  method,  power  gain  Is  sacrificed  In 
order  to  s"tablllze  an  amplifier  against  the  deterioration  of  beta,  thus  In¬ 
creasing  Its  useful  operating  time  in  radiation  fields. 

The  advantages  of  the  particular  circuit  chosen  to  illustrate  the  pro¬ 
posed  active  feedback  arrangement  are  obvious  from  Figures  3.3,  3*6  and  3*7 • 
However,  Figures  3*1^  3-2  and  3.4  show  some  of  the  advantages  of  using  passive 
current  feedback.  Other  methods  xindoubtedly  have  other  ad"vantages.  Choice  of 
the  most  suitable  method  depends  of  course  on  the  circuit  requirements. 
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Most  methods  of  operating  point  stabilization  for  ten^jerature  can  be 
applied  directly  to  radiation  stabilization.  Due  to  the  nature  of  the  radia¬ 
tion  damage,  it  is  expected  that  new  and  better  methods  will  be  developed  for 
radiation  environments. 
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APPENDIX 

DERIVATION  OF  FORMULAS 


I.  Overall  h-parameters 


A.  Active  feedback 


The  general  single-loop  active  feedback  amplifier  circuit  is  shown 


below: 


'r 


'in  I  ,1  f 

e'  I  e',,  e, 

if  o  'I  ' 

_ I _ L 


From  the  diagram  the  following  relationships  are  obtained: 


e.  =  e.  =  e  ' 
in  1  o 


=  1-4  +  K' 
in  1  o 


e  4.  “ 
out  o 


®f  ■  ®o  “  ®i  “  ^'i  ®F 


®out  ■  ®o  “  ®1  ^R  ®F 


^out  ^o  *  ^r 
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From  these  relationsnipe  we  obtain  the  nigno.!  flow-graph*  shown  below: 


out 


out 


From  the  flow-graph  the  following  loops  are  identified: 

L,  =  -  h,h  ' 

^  i  o 

b  =  h  h'  h' 

2  i  r  f  f 

^  "  ^’i  ®f 

where  =  I/R^, 

Using  the  non- touching  loop  rule  we  have: 

"l  ■  =  h  (1  -  I^)  /  (1  -  L,  - 

in  I  out 

H  =  =  [h^  (1  -  L  )  -  h^h-^  Gp]  /  (1  -  L^) 

^out  in  L  J 

in  I  out  L  J 

*0  =  “o  "  ['V  -  h)  -  (Vr  *  “f  "’f) 

-  (1  -  1.3)]  /  (1  -  Li  -  -  Lj  *  IlS) 

which  are  the  relationships  given  in  section  2.2  . 

*Readers  who  are  unfamiliar  with  signal  flow-graph  analysis  can  refer  to  Mason 
(1953)#  Truxal  (1955)#  Lorens  (1956),  and  Happ  (1957#  1958)  treatment  of  the 
subject.  .0 


B.  Passive  Feedtaek 
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The  passive  feedhaek  circiiit  used  in  paragraph  3.4  and  its  associated 
signal  flow- graph  are  shown  below: 


we  can  see  from  the  flow-graph  that  the  only  loop  is : 

L  ■  -  • 

Thus,  we  see  that  the  overall  hybrid  parameters  are: 

=  V  (1  -  L) 

®r'  =  /  (1  -  L) 

^o'  =  [^o  (1  -  L)  +  (1  -  /  (1  -  L) 

which  reduce  to  the  eqiiatlons  given  in  paragraph  3*4 


II.  Amplifier  Gain 


e 


The  current  gain  of  the  active  feedback  amplifier  is 
diagram  and  its  corresponding  flow- graph  shown  below: 


calculated  from  the 


J)Ut 


rR. 


out 


The  cxurrent  gain  is.  readily  obtained  from  the  flow-graph  as : 


IiMSD-%51 

!Die  voltage  gain  can  be  obtained  by  reversing  the  path  from  ij^j^  to  e^^ 
flow-graph : 


ahe  following  loops  can  be  Identified: 

^1  "  "  ®o\  ^  ^  ^ 

«1 

Die  voltage  gain  can  thus  be  seen  to  be: 

/  (1  -  I,  -  i-s) 

-  -  "f  V  [“i  *  \  <Vo  ■  Vf)] 

Bie  power  gain  is  thus: 

“  \h^1H 
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COMPARISON  OP  NEUTRON  DAMAGE  IN  GERMANIUM  AND 


SILICON  TRANSISTORS®’ 
by 

J.  W.  Easley 

Bell  Telephone  Laboratories^  Incorporated 
VIhippany,  N.  J. 

Quantitative  comparison  of  the  neutron 
bombardment  sensitivity  of  germanium  transistors  to 
that  of  silicon  transistors  must  include  considera¬ 
tion  of  the  mean  time  for  minority  carriers  to  trav¬ 
erse  the  base  region  of  the  structures  being 
compared.  Analysis  shows  that,  for  transistors  of 
comparable  carrier-transport-factor  frequency  cutoff, 
germanium  transistors  should  be  capable  of  receiving 
fast-neutron  exposures  which  are  one  to  two  orders 
of  magnitude  greater  than  those  permissible  for  sil¬ 
icon  devices  before  current-gain  degradation  becomes 
critical  for  typical  circuit  applications.  Exper¬ 
imental  data  are  presented  for  both  germanium  and 
silicon  transistors  which  are  in  good  agreement  with 
the  analysis. 


INTRODUCTION 

1-5 

Various  Investigators  have  reported  measurements  of 
silicon  and  germanium  transistor  current  gain  during  and  after 
exposure  to  combined  neutron  and  gamma  flux.  These  measure¬ 
ments  have  demonstrated  that  silicon  transistors  are,  in 

general,  more  sensitive  to  radiation  than  are  germanliun  tran- 
'  ■  -  -  ' .  o  h 

sl^tdrs.  Loferskl-^,  Messenger  and  Spratt  ,  and  Easley  and 
c; 

Dooley^  have  reported  analysis  of  the  bombardment  behaviour. ^of 
current  gain  through  Inclusion  of  conductivity  and  carrier- 
lifetime  behaviour  in  essentially  equivalent  formulations  of 
existing  transistor  design  theory.  The  major  portion  of 
reported  data  has  been  in  qualitative  agreement  with  these 


^•Thls  work  has  been  supported  by  the  Air  Force  through  Wright 
Air  Development  Center,  Contract  AF33(600) -32662. 
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analyses.  In  two  Instances  * ,  values  of  the  lifetime  asso¬ 
ciated  with  recombination  centers  Introduced  in  germanlxom  by 
neutron  bombardment  have  been  obtained  from  current  gain 
measurements  which  are  in  approximate  agreement  with  values 

obtained  by  direct  measurement^^ 

The  Intent  of  this  paper  is  to  express  the  bombardment 
dependence  of  current  gain  in  an  approximate  form  of  general 
applicability,  to  discuss  representative  experimental  results 
with  particular  attention  to  the  extent  of  quantitative 
correlation  with  analysis,  to  discuss  the  associated  problem 
of  quantitative  estimation  of  transistor  bombardment  behav¬ 
iour,  and  to  emphasize  the  magnitude  of  the  greater  bombard¬ 
ment  sensitivity  of  silicon  compared  to  germanium  transistors. 

The  approximate  range  of  maximum  permissible  exposure, 
baaed  on  an  arbitrary  criterion  of  a  reduction  In  common 
emitter  gain  to  70$^  of  Initial  value.  Is  Indicated  In  the 
following  examples.  A  silicon  alloy- Junction  moderate-power 
transistor  with  a  transport-factor  frequency  cutoff,  f^,  of 

approximately  1  megacycle  has  an  estimated  exposure  limit  of 

1  X  10^^  fast -neutrons,  whereas  a  dlffused-base  structure  with 
an  fp  of  approximately  100  megacycles  has  a  limit  of  2.5  x 

12" 

10  fast  neutrons.  A  germanium  alloy- Junction  hlgh-power 

transistor  with  fo  equal  to  about  0.&  megacycles  has  an  estl- 

P  IT 

mated  exposure  limit  of  4  x  10  fast  neutrons  whereas  a  ger¬ 
manium  diffused  structure  with  f^  of  the  order  of  500 

megacycles  has  a  limit  which  Is  estimated  to  be  of  the  order 

of  5  X  10^^  fast  neutrons.  This  wide  range  of  exposure  limits 
of  over  four  decades  results  predominantly  from  the  rsuige  among 

device  types  In  values  of  the  quotient  where  "t  Is  the  mean 

time  for  minority  carriers  to  traverse  the  base  layer  and  Is 

the  lifetime  assodlated  with  the  bombardment  Induced  recombina¬ 
tion  centers  In  the  base  region.  The  lower  range  of  exposure 
limits  for  silicon  transistors,  which  overlaps  that  of  ger¬ 
manium,  Is  due  to  the  more  rapid  bombardment  reduction  of  car¬ 
rier  lifetime  In  SI®  than  In  Ge®*^. 

ANALYSIS 

The  analysis  Is  restricted  to  the  neutron  bombardment 
Induced  change  In  current  gain  which,  for  the  greater  number 
of  transistors,  determines  the  upper  limit  of  permissible  fast 
neutron  exposure.  Further,  for  all  silicon  structures  and  npn 
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germanium  structures  the  change  in  carrier  lifetime  Is  the 
dominant  cause  of  failure  eind  is  therefore  the  mechanism  con¬ 
sidered  here.  In  certain  pnp  germanium  structures  of  high  f^ 

the  change  In  base  region  conductivity  may  constitute  a  fail¬ 
ure  mechanism  If  the  Initial  conductivity  Is  Insufficiently 
high.  The  latter  mechanism  will  not  be  considered  here. 
Although  no  adequate  experimental  evidence  has  been  reported 
to  date.  It  is  generally  assumed  that  changes  In  electrical 
characteristics  due  to  changes  In  surface  properties  are  pre¬ 
dominantly  of  gamma  bombardment  origin.  For  the  gamma  to 
neutron  ratios  associated  with  flsslon-llke  bombardment 

Sources  It  appears-’*  that  for  "clean”  devices  the  surface- 
origin  contribution  to  changes  In  current  gain  may  be 
neglected. 

The  current  gain  may  be  expressed  as  a  =  Pfo.*t  the 
product  of  the  transport  factor,  the  injection  efficiency  and 
the  collector  multiplication  factor.  The  transport  factor  can 
be  expressed  approximately  as: 


p  -  (1  - 1)  ,(i) 

where  T  Is  the  mean  time  for  carriers  to  traverse  the  base 
layer 

Since 


(2) 

where  Is  the  Initial  effective  minority  carrier  lifetime  of 

the  base  region,  is  the  lifetime  corresponding  to 

bombardment -Induced  recombination  centers,  and  ^  the  Integrated 
neutron  flux. 


a(4>) 


ya* 


*7  fi 

It  has  been  experimentally  verified  that 


(3) 

(^) 
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where  a  Is  a  constant  which  depends  on  the  base  material  and 
the  Injection  level.  It  Is  reasonable  to  assume  that  a*  and 

T  are  Independent  of  $  to  values  of  $  corresponding  to  sub¬ 
stantial  reduction  of  p  and  that  7  Is  a  slowly  varying  fiinc- 

tlon  of  4>  compared  to  the  factor  —  .  Therefore  the  dependence 

■^b 

of  current  gain  on  Integrated  flux  Is  given  by 

a(4))  -  Oq  -  7Ct*  "t  a“^  $  (5) 

The  expected  form  of  the  bombardment  curve  a(<I))  Is  then  a 
straight  line  of  slope  -  7a*  T  a”^,  as  shown  In  Fig.  1. 

For  normal  transistor  structures  7  -  1  and  a*  —1  so  that 
expression  (5)  can  be  simplified  to 

a($)  -  Oq  ~  ^  ^  (6) 


For  the  simplest  structures  of  uniform  base  resistivity 


2D 


(7) 


where  W  Is  the  width  of  the  base  region,  Moll  and  Ross^®  have 

discussed  the  dependence  of  f  on  the  distribution  of  base-layer 
resistivity  and  have  determined  values  for  a  number  of  resis¬ 
tivity  distributions. 

EXPERIMENTAL  METHOD 


Bombardment  curves  of  current  gain  have  been  obtained 
from  measurements  of  (l-a)  concurrent  with  Irradiation.  A 
flsslon-plate  source  at  the  Brookhaven  National  Laboratory 
reactor,  shown  schematically  In  Flgurf  3,  was  employed  for 
the  Irradiations.  Aspects  of  the  method  which  are  signifi¬ 
cant  In  examining  the  correlation  between  observed  behaviour 
and  that  calculated  from  the  analysis  are  the  temperature 
history  of  the  samples  during  bombardment,  the  experimental 
uncertainty  In  the  determination  of  a,  and  the  measurement  of 
the  neutron  flux  magnitude  and  Its  energy  spectrum. 
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The  temperature  of  the  transistors  was  monitored 
throughout  the  bombardments  by  a  thermocouple  soldered  to  the 
header  of  one  of  the  ten  devices  measured  during  a  given  bom¬ 
bardment.  For  all  transistors  measured,  the  collector  body 
was  In  good  thermal  contact  with  the  header  and  the  recorded 
temperature  was  constant  to  within  ±  0.2®C,  Including  the 
times  of  Insertion  Into  and  removal  from  the  flux.  The  upper 
limit  of  experimental  error  In  the  measured  value  of  (l-a;  Is 
estimated  to  be  approximately  35^  so  that  the  uncertainty  In  a 
Is  of  the  order  of  a  few  tenths  of  a  percent.  Consequently  the 
variation  In  a  due  to  temperature  changes  and  the  experimental 
uncertainty  of  the  measured  values  are  negligible. 

The  major  source  of  experimental  error  In  the  data  of  the 
bombardment  curves  Is  In  the  Integrated  neutron  flux  measure¬ 
ment  and  therefore  In  the  scale  factor  of  the  Integrated  flux 
coordinate.  In  the  exposure  facility  employed  the  flux  of 

Q 

fast-neutrons  with  energy  greater  than  1  kev  was  1.2  x  10 

-2  -1  4 

neutron-cm  -sec  and  the  gamma  dose -rate  was  1.6  x  10  R/hr. 

The  relative  flux  was  obtained  from  a  thermocouple  enclosed  In 

a  boron  bead  located  In  proximity  to  the  source  plate.  The  emf 

of  the  thermocouple  Is  proportional  to  the  fission  rate  In  the 

source  plate  and  therefore  to  the  fast-flux  at  the  samples.  In 

all  bombardments  wafers  of  2  ohm-cm  Qe  were  exposed  with  the 

transistors  and  the  measured  conductivity  changes  were  employed 

to  normalize  the  relative  flux  values  to  standard  method  foil 

activation  measurements  of  the  flux  magnitude  from  previous 

bombardments.  A  value  of  "fast  neutron  flux"  obtained  directly 

from  the  measured  conductivity  changes  In  conjunction  with  the 

data  of  Cleland  et  al^^  yields  an  Integrated  flux  value  205^ 
lower  than  that  obtained  directly  by  foil  activation.  This 
difference  Is  less  than  the  estimated  experimental  uncertainty 
In  the  measurements. 


DATA  AND  CORRELATION 

Representative  data  are  shown  In  plots  ft*  current  gain  a 
vs.  Integrated  fast  neutron  flux  In  Figures  3,  4,  5  and  6. 

Silicon 

Figure  3  shows  the  behavior  of  five  SI  diffused  emitter 
diffused  base  transistors  of  the  same  type  (2N56o)  described  by 
12 

L.  E.  Miller  .  The  approximations  of  equation  (6)  are 
expected  to  be  valid  for  this  unit  and  the  observed  slopes  are 
approximately  constant  over  the  range  of  bombardment.  In  agree¬ 
ment  with  these  assumptions.  The  mean  value  of  da/d4>  for 


c  2 

fourteen  samples  of  this  type  if  -4.38  x  10  neutron  cm 

-I'S 

with  an  average  deviation  from  the  mean  of  0.73  x  10  •  The 

mean  carrier  transit  time  for  these  units  as  determined  from 

_Q 

f  measurements  is  considered  to  be  approximately  2.5  x  10 

Cl 

sec  so  that  a  value  of  the  constant  a  of  equation  (4)  of 

5.7  X  10^  neutron-cm“^  «*sec  Is  obtained  for  the  p-type  base 
material  of  these  structures  at  an  injection  level  of  the 

order  of  10  cm 

Figure  4  shows  the  behavior  of  three  2N560  transistors 
(units  1,  2,  and  3)  and  three  2N338  (units  7,  9,  and  10)  for 
the  initial  portion  of  a  bombardment.  The  constant  slope  of  a 
vs.  ^  prevails  from  zero  integrated  flux.  The  2N338  units 
exhibit  higher  Initial  values  of  ct  than  do  the  2N560  but  show 

a  ^  which  Is  on  the  average  30/^  greater  In  absolute  value. 

Although  no  qualitative  correlation  has  been  made,  this  Is 
attributed  to  a  higher  initial  llfetjlme  and  greater  mean 
transit  time  of  the  2N338.  This  qualitative  difference  is 
consistent  with  the  different  fabrication  modes  of  the  two 
devices. 

In  addition  to  the  quantity  (l-d),  concurrent  measure¬ 
ments  of  I  ^  and  the  collector  reverse  character- 

C  CO  c  c 

Istlc  were  obtained.  The  collector  capacity  and  breakdown 
voltage  exhibit  no  change  from  exposures  sufficient  to  dras¬ 
tically  reduce  current  gain,  which  Is  consistent  with  the  known 

dependence  of  carrier  concentration  on  neutron  bombardment  . 

No  apparent  bombardment-induced  changes  In  the  surface  prop¬ 
erties  of  these  specific  device  types  were  evident. 

Germanium 

Figure  5  shows  representative  data  of  a  vs.  4>  for 
.germanium-alloy  npn  transistors  of  moderate  frequency  charac¬ 
teristics.  The  simplicity  of  the  alloy  structure  compared  to 
more  complex  transistor  forms,  as  represented  by  the  SI  units 
discussed,  admits  of  the  possibility  of  a  more  detailed  corre¬ 
lation  between  analysis,  directly  measured  material  properties, 
and  observed  behavior.-  A  program  of  this  nature  Is  being 

Q 

currently  pursued,  and  a  portion  of  the  data^  Is  employed  here 
in  order  to  make  a  comparison  of  the  "radiation  resistance"  of 
germanium  and  silicon  transistors.  The  curves  shown  have  been 
selected  to  Include  units  exhibiting  common-base  frequency 
cutoff  values,  f  ,  over  a  wide  range.  Except  for  the  related 
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variation  in  base-width,  the  structures  are  nominally  iden¬ 
tical.  The  base  region  resistivity  is  approximately  2.8  ohm- 
cm  and  the  injection  level  of  the  measurements  was 

1^ 

approximately  5  x  10  cm  at  the  emitter  edge  of  the  base 
so  that  any  correction  to  the  low  current  level  approximation 
of  equation  (6)  should  be  small.  The  approximately  constant 
slope  of  a  vs.  $  deduced  from  equation  (6)  is  again  evident. 
Since  the  transport  factor  frequency  cutoff  f^  is  inversely 

proportional  to  "t  and  as  for  these  units  f^  =  f^,  equation  (5) 

or  (6)  predicts  a  constant  product  (da/d<I>)  x  f  .  Values  of  f 

range  from  7.8  megacycles  for  unit  7  to  1.4  megacycles  for 
unit  2  and  the  product  of  measured  quantities  (da/d<I))  x  f^ 

is  constant  within  a  10%  average  deviation  from  the  mean  for 
the  5  units  shown.  This  is  in  good  agreement  with  the 
analysis.  Prom  the  observed  slopes  and  f  values  the  constant 

7  -2“ 

a  is  evaluated  as  2.0  x  10  neutrons  cm  -sec. 

Figure  6  is  a  plot  of  a  vs.  $  for  the  initial  portion  of 
the  bombardment  shown  in  Figure  5.  A  scatter  of  points  occurs 
for  units  2  and  3  during  the  first  5  minutes  of  bombardment. 

It  is  likely  that  the  erratic  behaviour  is  noise  of  surface 
origin.  Also  shown  on  Figure  6  is  the  median  slope  for  the 
2N5dO  silicon  transistors.  This  slope  is  approximately  equal 
to  that  of  the  germanium  unit  number  which  has  aij  fg  of  . 

2,3  megacycles.  Consequently,  if  the  observed  da/d<I>  of  the  G© 
and  Si  units  are  normalized  to  equal  ¥,  the  current  gain  of  the 
Si  units  decreases  at  a  rate  approximately  35  times  that  of  Oe 
units. 


DISCUSSION 

The  linear  dependence  of  a  on  <I>,  exhibited  by  the 
bombardment  curves  of  both  Ge  and  Si  is  consistent  with 
expressions  (5)  and  (6)  and  therefore  the  underlying  assump¬ 
tions.  In  addition,  values  of  the  constant  a  of  equation  (4) 
as  obtained  Shorn  these  curves  are  in  approximate  agreement  with 
direct  measurement  values  obtained  by  other  investigators, 
particularly  for  Ge.  Table  I  shows  values  of  a  which  have  been 
reported,  and  indicates  a  maximum  variation  in  Ge  values  by  a 
factor  of  about  2  and  in  Si  by  a  factor  of  about  10. 

A  portion  of  the  difference  in  values  of  a  can  be 
attributed  to  differences  in  fast  neutron  flux  measurement  and 
specification.  However,  the  same  absolute  determination  is 
Involved  in  the  values  of  columns  III,  IV,  and  V  and  the 
uncertainty  in  the  relative  determination  among  the  bombardments 
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Involved  should  be  small.  Further,  some  normalization  or 
comparison  of  flux  specification  to  that  of  column  I  data  has 
been  made  by  those  reporting  the  values  In  the  other  columns. 

In  the  case  of  Ge,  all  values  reported  were  either 
obtained  at  low  Injection  levels  or  have  been  extrapolated  to 
low  Injection  and  should  therefore  permit  comparison.  The 
values  shown  In  column  I  are  not  reported  values  of  Curtis 

et  al°^ '  but  are  approximate  values  corresponding  to  the 
resistivity  range  applicable  to  columns  II  and  IV  as  obtained 
by  extrapolation  of  the  reported  values  according  to  a 

TO 

Shockley-Read  t  (p)  dependence. 

For  Si  the  comparison  cannot  be  as  direct  since  the 

determinations  from  transistor-gain  bombardment  behaviour  were 

o 

obtained  at  high  injection  levels  whereas  those  of  Werthelm° 
pertain  to  low  Injection.  Further,  the  reported  value  obtained 
from  a  vs.  $  loci  and  equation  (6)  represent  an  average  value 
over  a  region  in  which  equilibrium  carrier  density,  excess 
carrier  density,  and  mobility  are  not  uniform  or  simply- 
varying.  Comparing  values  of  column  III  and  IV,  for  which  the 
fl\ix  specification  Is  identical,  the  device-measurement  value  Is 
somewhat  lower  than  might  be  estimated  on  the  basis  of  the 

■3 

ratio  of  injection  levels  of  approximately  10-^.  If  expression 
(6)  Is  assumed  to  be  an  adequate  approximation,  then  the  sole 
source  of  experlmentajL  error  involved  in  the  comparison  Is  in 
the  average  value  of  t,  which  has  an  estimated  uncertainty  of 
less  then  approximately  30^.  The  values  reported  by  Messlnger 

and  Spratt^  are  "low- Injection  level"  values  obtained  by 
extrapolation  from  the  measured  emitter  current  variation  of 
(do/d*!))  and  the  values  of  columns  II  and  III  are  therefore  not 
In  agreement. 

On  the  basis  of  these  data,  the  qualitative  difference 

between  a  values  and  therefore  values  of  (da/d4»)  x  for  Si 
and  Ge  transistors  is  clear.  The  value  of  the  ratio 
(^)Ge^^^^Sl  range  of  approximately  100 

to  10  depending  primarily  on  the  relative  Injection  levels. 

SUMMARY 

Analysis  indicates  that  transistor  current  gain  should 
decrease  with  neutron  bombardment  according  to  the  relation 

a($)  =  Op  -  7a*a"^  "t  $ 
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where  t  Is  the  mean  time  for  carriers  to  traverse  the  base 
region  and  a  is  a  constant  which  depends  on  the  base  material 
and  injection  level. 

J  The  constant  a  is  defined  by  the  relation 


=  a 


where  is  the  carrier  lifetime  corresponding  to  bombardment 

induced  recombination  centers.  The  observed  experimental 
behaviour  of  a($)  is  in  qualitative  agreement  with  the  above 
relationship  and  values  of  a  determined  from  experimental'  a-4» 
loci  are  in  approximate  agreement  with  the  direct  measurement 
values  that  have  been  reported. 

Currently  reported  data  Indicate  that  values  of  the  ratio 
(^)(je/(ft)si  expected  to  lie  in  the  range  of  approx¬ 

imately  100  to  10.  The  specific  value  in  this  range  correspond 
Ing  to  any  given  comparison  depends  primarily  on  relative  Injec 
tlon  level.  Consequently  if  the  rate  of  decrease  of  current 
gain  with  neutron  bombardment  is  normalized  to  equal  T,  Si 
transistors  can  be  expected  to  degrade  at  rates  which  are 
approximately  10  to  100  times  greater  than  those  for  Ge.  If 
semlquantltatlve  consideration  of  the  effect  of  injection 
level  is  considered,  estimates  of  current  gain  degradation 
rate  can  be  made  to  considerably  better  than  sm  order  of 
magnitude . 
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SCHEMATIC  REPRESENTATION 
OF  SHIELDING  FACILITY 


NATURAL  URANIUM 
SOURCE  PLATE - 


Schematic  representation  of  shielding  facility  at  the 
Brookhaven  National  Laboratory  reactor. 
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ilatota*  Iha  rwMlnlnf  niaa  ourvaa  for  tba  total  aMvla  all  Ua 
vtthla  tha  raflon  Wundad  tha  uypar  four  ourtaa  ai^  liaaa  baan 
oaittad  to  pandt  diaplagr  of  iadlTldual  eurraa* 


Figure  3»  Representative  experimented  a  vs  <1)  curves  for  Ge  alloy- junction 
transistors.  The  slight  positive  ciirvature  is  tentatively 
attributed  to  the  annealing  during  bombeirdment  of  defects  acting 
as  recombination  centers.  This  suggests  that  a  portion  of  the 
neutron  bombardment  induced  defects  anneal  at  room  tes^erature 

2 

in  times  of  the  order  of  10  minutes. 


#  (PMT  NniTII0Nt/0MFX|9*) 


FiauTe  6.  (Curves  of  a  vs  9  for  the  Initial  portion  of  the  honibardment  shown 
in  Figure  Tlie  median  trans^)ort  factor  frequency  cutoff  for 
the  Si  units  is  approximately  33  times  that  of  unit  3. 


PULSED  RADIATION  EFFECTS  IN  SEMICONDUCTORS 
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Typical  semiconductors  were  exposed  to  pulsed  neutron,  electron 
and  gamma  fluxes.  The  effects  of  these  exposures  on  the  electrical 
properties  of  the  semiconductors  was  observed  during  the  radiation 
pulse.  These  rodlatlon  effects  will  be  described  and  compared  with 
analysis.  Attention  wlil  be  given  to  some  of  the  differences  between 
transient  and  residual  rodiatfon  effects  In  semiconductors. 
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ABSTRACT 

Results  are  presented  of  experiments  .ere  conducted  to 

determine  the  effect  of  varying  the  width  uae  base  region  of  a 
silicon  diode  on  the. radiation  tolerance  01  Lhe  device  as  gauged 
by  Increase  In  vpltage  drop  at  forward  bias.  Reasonable  agreement 
Is  i^own  between  experimentally  deteimlned  change  In  forward  char¬ 
acteristic  and  behavior  predicted  from  theoretical  considerations  - 
specifically  considering  the  effect  of  degraded  minority  carrier 
lifetime.  Devices  Irradiated  (forty  In  number)  were  of  the  £tlloy 
Junction  type  based  on  the  configuration  of  the  General  Electric 
lN-538  rectifier.  Their  over-all  behavior  is  discussed  including 
the  near  exponential  Increase  found  in  forward  voltage  drop,  and 
the  retention  of  reasonable  reverse  characteristics  of  all  units 
during  irradiation. 


I.  INTRODUCTION 


In  a  radiation  field  consisting  of  neutron  and  gamna  radiation,  effects 
on  the  electrical  properties  of  silicon  resulting  from  the  interactions  of 
neutrons  of  sufficient  energy  (approximately  225  ev)  to  cause  atomic  dis¬ 
placements  have  been  shown  to  be  the  factor  limiting  the  life  of  solid  state 
electronic  devices  containing  this  material^l“5).  In  the  dosage  range  yitiere 
devices  possess  useful  characteristics  the  effect  of  gamna  radiation  is  gen¬ 
erally  negligible.  The  neutron  threshold  dosage  for  the  observance  of  these 
effects  on  device  characteristics  depends  upon  the  sensitivity  of  the  char¬ 
acteristic  to  property  changes  in  the  silicon  crystal,  but  it  is  generally 
within  the  broad  range  from  lOlO  to  ICA^  n/cm^  (eplcadmium  neutrons).  Initial 
characteristic  changes  are  due  predominantly  to  degradation  of  the  minority 
carrier  lifetime  property  of  the  silicon  and  in  the  case  of  rectifiers  these 
changes  will  in  general  be  of  sufficient  magnitude  to  cause  failure  of  the 
device.  With  further  increase  in  neutron  dosage  (and  thus  increasing  den¬ 
sity  of  recombination  and  trapping  centers)  silicon  resistivity  begins  to 
increase  until  approximate  intrinsicity  is  reached  in  the  vicinity  of  lOl'^ 
n/cm2.  A  dosage  range  is  thus  obtained  from  lOlO  to  10l7  n/cm^  dominated  at 
the  onset  by  decreasing  minority  carrier  lifetime  and  at  higher  dosages  by 
increasing  reslsitlvity  vdiere  it  will  be  possible  to  operate  silicon  semi¬ 
conductor  devices  -  the  exact  failure  dosage  dependent  upon  the  sensitivity 
of  device  design  to  these  basic  property  changes. 


For  the  case  of  the  silicon  rectifier  or  diode,  the  result  of  decreased 
minority  carrier  lifetime  is  a  decrease  in  current  flow  in  the  conducting  or 
forwaird  biased  direction.  It  is  this  degradation  of  the  forward  characteristic 
that  will  probably  cause  failure  in  most  circuits.  It  was  the  purpose  of  this 
work  to  determine  the  effect  of  varying  one  physical  parameter  of  a  diode  -  the 
effective  width  of  the  base  region  -  which  it  was  expected  would  reduce  the  ef¬ 
fect  of  lifetime  and  resistivity  changes  on  the  forward  characteristic.  For 
this  purpose  one  type  of  device  -  the  lN-538  alloy  Junction  rectifier  -  was 
chosen  as  the  basic  study  unit  and  modified  only  with  respect  to  the  width  of 
the  base  region.  The  results  of  the  irradiation  of  these  modified  devices 
and  the  correlation  of  these  results  with  behavior  predicted  using  basic  de¬ 
vice  eqiatlons  will  be  presented  in  this  report. 


II.  THEORY 

For  a  diode  containing  high  resistivity  silicon,  the  relationship^ be¬ 
tween  the  voltage  drop  at  forward  bias  Ef  of  the  device  and  the  effective  base 
width  W  assuming  constant  current  is  given  by: 


Ef  -  (1  -»■  Cosh  S)  5£o 
^  2 


(1) 


Vlhere:  L  ■  Diffusion  length  for  minority  carriers 

Ef^  «  Forward  voltage  drop  for  W/L  small,  i.e.  before  irradiation 

In  d  esign  of  practical  rectifiers  base  width  is  intentionally  made  anall 
in  comparison  with  minority  carrier  diffusion  length  or  in  other  words,  the 
ratio  W/L  is  initially  very  small.  It  is  this  ratio,  or  more  specifically, 
minority  carrier  diffusion  length,  that  will  be  affected  by  irradiation. 


The  effect  of  fast  neutron  bcanbardment  as  stated  previously  is  to  intro¬ 
duce  defects  into  the  semiconductor  lattice,  these  defects  acting  as  trapping 
and  recombination  centers  for  minority  carriers  -  and  it  is  precisely  injected 
minority  carriers  which  account  for  the  bulk  of  forward  conduction  in  a  diode. 
Minozd.ty  carrier  diffusion  length  and  lifetime  are  reduced,  the  two  properties 
being  related  by: 

L  (2) 


where  D  is  the  diffusion  coefficient  for  minority  carriers  andV’  their  life¬ 
time.  It  remains  to  relate  these  properties  to  neutron  dosage  and  the  effect 
of  varying  the  width  of  the  base  region  on  the  radiation  behavior  of  voltage 
drop  at  forward  bias  of  a  diode  will  be  calciUable.  Loferski''^^,  among  others 
has  found  that  minority  carrier  lifetime  degrades  under  irradiation  according 
to  the  following  reciprocal  relationship: 


(8) 

> 
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(3) 


1 

9 


1  4K0t 
'0 


Where?  V* »  Minority  carrier  lifetime  at  radiation  dosage  0t 
^  -  Initial  minority  carrier  lifetime 
(jfi  >  Neutron  dosage 

K  ■  An  empirical  constant  vAiich  can  be  determined  by 
observing  the  decay  of  V’  in  semiconductor  crystals 

The  use  of  equations  (l),  (2),  and  (3)  therefore,  enables  calculation  of 
increase  in  forvard  voltage  drop  at  constant  current  with  increasing  radiation 
dosage  if  the  value  of  K  is  knovm.  The  value  of  this  constant  reflects  among 
other  factors,  the  method  of  neutron  dosimetry  used,  with  a  value  of  approxi¬ 
mately  10-7  neutron-1  sec-1  cm2  reported  vhen  epica<lmivun  neutron  fluxes  are 
measured.  As  will  be  shown  later  a  value  of  10^  is  applicable  when  neutron 
fluxes  are  measured  as  in  this  work,  i.e,  by  exposing  cobalt  foils  inside  of 
boral  shieldingCa).  It  should  be  noted  that  a  precise  value  for  this  constant 
will  not  be  necessary  here  since  we  are  interested  in  showing  on  only  a  rela¬ 
tive  rather  than  an  absolute  basis  how  a  reduction  in  base  thickness  improves 
behavior  under  irradiation. 


The  approach  taken  here  will  be  to  assume  a  specific  forward  voltage 
drop  as  the  failure  point  for  the  device.  The  neutron  dosage  necessary  to 
increase  the  voltage  drop  to  this  point  can  then  be  calculated.  This  dosage 
will  be  termed  the  radiation  tolerance  of  the  diode.  Radiation  tolerances 
will  be  calculated  for  various  base  widths  to  illustrate  the  effect  of  vary¬ 
ing  this  parameter. 


The  neutron  dosage  wiiere  Ef  reaches  four  volts  at  a  forward  current  If  of 
one  hundred  milliamperes  will  be  considered  failure.  From  equation  (l)  the 
W/L  ratio  vdiich  corresponds  to  this  failure  point  is  3.2  using  a  value  of  0.6 
volt  for  EfQ  for  a  silicon  alloy  junction  device  at  this  current.  If  now  a  base 
width  of  .004  inches  is  assumed,  the  minority  carrier  diffusion  length  for  this 
value  of  W/L  is  3  x  10-3  cm.  From  ecuation  (2)  the  corresponding  minority  car¬ 
rier  lifetime  is  x  10-7  sec.  (assuming  no  change  in  the  diffusion  coefficient) 
yielding  from  equation  (3)  a  value  for  the  radiation  tolerance  of  a  diode  with 
this  base  width  of  1.4  x  106  K“l.  ^  insertion  of  an  appropriate  value  for  K 
the  tolerance  in  units  of  neutrons/cm2  can  be  obtained.  Using  similar  calcu¬ 
lations  for  other  base  widths  the  family  of  curves  of  Figure  1  can  be  generated. 
It  should  be  noted  that  different  values  for  K  merely  change  the  placement  but 
not  the  shape  of  the  curve.  From  a  practical  standpoint  it  can  be  seen  from 
this  figure  that  a  reduction  in  the  width  of  the  base  by  a  factor  of  ten  re¬ 
sults  in  an  increased  radiation  tolerance  of  approximately  a  factor  of  one 
hundred. 


(a)  This  method  of  measuring  neutron  flux  was  used  because  it  was  the  best 
available  method  of  assuring  accuracy  in  dosage  determinations  between 
successive  irradiations. 
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Ill,  expebimental 


since  it  is  mandatory  in  a  study  of  the  effects  of  varying  base  vridth 
that  all  other  device  parameters  remain  constant,  one  diode  type  -  the  lN-538 
alloy- junction  diode  -  was  chosen  as  the  study  vehicle.  All  devices  for  ir¬ 
radiation  were  produced  under  laboratory  conditions  for  control  purposes,  how¬ 
ever,  there  were  no  intentional  deviations  from  the  normal  production  processes 
for  this  unit.  The  alloy  junction  lN-538  itself  is  a  medium  current  rectifier 
containing  hi^  resistivity  n-type  silicon  (approximately  25  ohm-cm)  with  the 
junction  formed  by  alloying  with  aluminum.  The  donor  impurity  is  phosphorous 
and  the  nomal  device  silicon  has  a  lifetime  before  incorporation  into  the  de¬ 
vice  of  100  microseconds. 

The  effective  base  width  of  the  standard  lN-538  is  ,OOU5  inches.  Base 
widths  were  produced  for  irradiation  of  .0045»  .0017,  .0010,  and  .0008  Inches, 
the  .0008  inch  value  being  the  minimum  it  was  possible  to  achieve  reproducibly 
using  the  allo3dng  technioue.  All  silicon  used  in  fabrication  of  these  units 
was  from  the  same  crystal,  no  attempt  being  made  as  would  be  done  in  practical 
rectifier  design  to  increase  peak  inverse  voltage  of  the  thin  base  width  units 
by  decreasing  silicon  resistivity.  Forward  rather  than  reverse  characteristics 
were  of  conceim  here.  The  point  of  note  is  that  design  of  thin  base  width  de¬ 
vices  could  be  opitlmized  to  provide  hi^er  poak  inverse  voltages  than  the  units 
fabricated  for  these  irradiations. 

All  irradiations  were  conducted  in  the  CRNL-X-10  Graphite  Reactor.  A 
spocial  tube  inserted  into  the  reactor  allowed  insertion  and  removal  of  experi¬ 
ments  with  the  reactor  at  power  thus  facilitating  relative  accuracy  in  dosimetry 
measurements.  A  shield  fabricated  of  boral  sheet  (one  half  inch  thickness) 
surrounded  the  irradiation  position  in  the  reactor.  Direct  current  measurements 
of  the  diode  characteristic  were  made. 

Ten  devices  of  each  base  width  were  fabricated  and  five  each  were  irradiated 
at  temperatures  of  30°  and  150®C.  A  summary  of  the  results  of  the  behavior  of 
the  forward  characteristics  of  the  devices  irradiated  at  30°C  is  presented  in 
Figure  2,  These  data  are  pslotted  to  show  the  agreement  with  the  curve  of  theoretical 
behavior  (dashed  curve)  generated  previously,  a  value  of  10~®  being  used  for  the 
constant  to  normalize  the  curve  to  the  cxporimental  results.  The  deviation  among 
the  five  diodes  comprising  each  irradiation  is  indicated. 

Forward  characteristic  behavior  of  diodes  irradiated  at  30^0  is  compared 
with  the  resvilts  of  irradiations  of  identical  devices  at  I50OC  in  Figure  3.  In¬ 
crease  in  radiation  tolerance  is  seen  to  be  small  -  less  than  a  factor  of 
two  -  in  the  case  of  the  diodes  with  wider  base  regions  while  for  thinner  base 
width  devices  this  factor  increases  to  four  or  greater.  In  general,  it  can  be 
said,  however,  that  operation  of  silicon  devices  at  elevated  tempjeratures  (I5OOC 
is  about  the  practical  maximum  operating  temperature  for  currently  piroduced 
silicon  devices)  will  not  greatly  increase  tolerance  to  neutron  bombaurdment. 
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At  a  constant  forward  current  of  100  milliamperes,  behavior  of  the  forward 
voltage  drop  with  increasing  neutron  dosage  of  all  of  the  diodes  irradiated  at 
30°C  is  shown  in  Figures  Uj  5>  6,  and  7.  The  near  exponential  increase  pre¬ 
dicted  previously  can  be  seen.  Figures  8,  9»  10,  and  11  are  similar  plots  for 
all  devices  irradiated  at  150°C.  A  slight  "knee"  or  deviation  from  the  behavior 
at  30°C  can  be  seen  in  these  figures  indicating  the  slight  amount  of  thermal 
annealing  of  radiation-induced  defects  that  is  occurring.  It  should  be  noted 
in  Figure  11  that  only  one  of  the  five  diodes  (unit  #l)  with  0.0008  inch  base 
width  remained  operative  throughout  the  irradiation.  A  furnace  excursion  early 
in  the  test  raised  the  temperature  in  the  irradiation  position  to  over  200°C 
and  thermally  destroyed  four  of  the  units. 

As  mentioned  previously,  reverse  characteristics  of  all  units  were  measured 
during  irradiations.  In  general,  reverse  currents  were  observed  to  increase 
with  decreasing  width  of  the  base  region  as  expected,  however,  no  drastic  in¬ 
creases  due  to  irradiation  were  seen  in  any  of  the  units.  The  general  pattern 
of  reverse  current  behavior  under  irradiation  is  a  moderate  increase  followed 
by  a  continual  decrease  (probably  associated  with  decreasing  lifetime)  vhich 
persists  to  well  bejrond  the  dosage  vAiere  the  device  has  been  rendered  useless 
due  to  forward  characteristic  degradation.  A  portion  of  the  over-all  increase 
is  due  to  transient  ionization,  reverse  cunrent  dropping  to  a  lower  value  if 
irradiation  ceases  -  as  dviring  a  reactor  shutdown. 

The  behavior  of  the  reverse  current  of  individual  diodes  of  the  four  base 
widths  irradiated  at  30®C  are  shown  in  Figures  12,  13,  14,  and  15.  A  constant 
inverse  voltage  of  100  volts  is  assumed.  Similar  plots  for  diodes  irradiated  at 
1500c  are  presented  as  Figures  16,  17,  18.  and  I9.  Inverse  voltages  for  these 
units  are  as  shown  on  the  figures.  The  abrupt  decreases  in  reverse  current 
seen  in  a  number  of  the  figures  correspond  to  reactor  shutdowns  which  occurred 
during  a  number  of  the  longer  irradiations. 


IV.  CONCLUSICTJS 


The  effect  of  reducing  the  width  of  the  base  region  of  a  diode  on  the  ra¬ 
diation-induced  degradation  of  forward  characteristic  of  the  device  has  been 
predicted  on  the  basis  of  minority  carrier  lifetime  degradation.  This  predicted 
behavior  has  been  verified  within  reasonable  limits  by  the  experimental  results 
obtained  by  irradiating  diodes  fabricated  to  be  identical  in  all  respects  with 
the  exception  of  base  width. 

Irradiation  of  a  large  number  of  these  devices  under  conditions  of  strictly 
controlled  temperature  and  nuclear  environment  indicates  that  their  behavior 
under  irradiation  is  predictable,  i.e.  increase  in  diode  forward  voltage  drop 
is  nearly  exponential  and  reverse  characteristics  are  reasonably  stable.  The 
deviation  vdiich  was  observed  in  the  behavior  of  the  forward  characteristics  of 
diodes  with  the  same  base  width  is  probably  a  measure  of  the  degree  of  control 
of  base  thickness  possible  with  the  alloying  technique. 


The  possibility  is  thus  presented  of  optimizing  the  design  of  semiconductor 
diodes  and  rectifiers  for  use  in  radiation  Helds  by  reducing  the  vddth  of  the 
base  region  to  the  minimum  value  which  will  maintain  desired  electrical  charac¬ 
teristics.  Improved  control  of  base  thickness  during  fabrication  would  addition¬ 
ally  probably  minimize  deviation  in  behavior  under  irradiation  among  otherwise 
identical  units.  It  has  been  mentioned  that  this  improved  degree  of  control  is 
possible  when  junctions  are  formed  by  the  diffusion  process.  'Rie  diffused  junc¬ 
tion  device  offers  other  additional  advantages  in  the  form  of  increased  peak 
inverse  voltages  and  the  possibility  of  attainment  of  even  thinner  base  regions. 
Indeed  recent  data(*)  obtained  from  the  irradiation  of  electrically  identical 
diffused  and  alloy  junction  diodes  indicate  that  the  diffused  junction  device 
possesses  an  improved  radiation  tolerance  over  the  alloy  variety  by  greater  than 
a  factor  of  five.  From  this  it  vrould  sema  that  the  optimized  device  for  use  in 
radiation  fields  may  well  consist  of  a  thin  base  and  a  diffused  junction. 


(a)  Recent  as  yet  unpublished  data  obtained  at  GE-ANP. 
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FIGURE  1 

CALCULATED  BEHAVIOR  OF  THE  RADIATION  TOLERANCE  OF  SILICON  DIODES  AS  A 
FUNCTION  OF  WIDTH  OF  THE  BASE  REGION 

■•‘Radiation  tolerance  is  defined  as  the  neutron  dosage  necessary  to  degrade  Ef  to  4  volts 
at  a  forvierd  current  of  100  milliamperes. 
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FIGURE  3 

EFFECT  OF  IRRADIATION  AT  ELEVATED  TEMPERATURE  ON  THE  RADIATION  TOIERANCE  OF  SILICON  DIODES 

o  =  Irradiated  at  30°C 
•  =*  Irradiated  at  150®C 
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THE  EFFECT  OF  NUCLEAR  RADIATION 
ON  COMMERCIAL  SILICON  mODES 

by 

John  R.  Crittenden 

General  Electric  Company 
Aircraft  Nuclear  Propulsion  Department 
Cincinnati  15,  Ohio 

Several  types  of  commercial  silicon  diodes  were  irradiated  to  10^®  NVT 
(En>0. 58  ev)in  the  Brookhaven  Reactor  at  25*^0  and  at  150'^C.  The  forward  and  re¬ 
verse  characteristics  of  each  diode  were  photographed  periodically  from  an  oscillo¬ 
graphic  display  during  the  irradiation  period.  Noise  and  switching  time  measurements 
were  also  accomplished.  The  results  of  this  work  indicate  that  electrically  similar 
diodes  vary  in  their  response  to  nuclear  radiation  and  that  the  response  to  nuclear 
radiation  is  temperature  dependent. 

INTRODUCTION 

The  purpose  of  this  paper  is  to  present  the  results  of  a  study  made  by  the  American 
Nuclear  Science  Corporation  under  subcontract  to  the  General  Electric  Aircraft  Nuclear 
Propulsion  Department.  The  work  was  performed  at  the  Brookhaven  National  Laboratory. 

The  objective  of  the  subcontract  was  to  obtain  information  about  the  effects  of  temper¬ 
ature  and  nuclear  radiation  on  the  performance  of  various  silicon  diodes.  The  diodes  were 
purchased  from  commercial  stock  to  permit  the  evaluation  of  presently  available  devices  for 
operation  in  a  nuclear  environment.  Of  particular  interest  was  the  effect  of  high  temperature 
and  nuclear  radiation  on  the  forward  and  reverse  functions  of  the  diode,  the  switching  char¬ 
acteristics,  and  the  noise  characteristics. 

After  initial  investigation  of  the  various  irradiation  facilities  in  the  reactor,  a  one  inch 
facility  (hole  W-13)  and  two  four  inch  facilities  (holes  W-12  and  W-14)  were  chosen.  The 
position  for  all  experiments  was  ten  feet  into  the  reactor  from  the  shield  face.  The  ambient 
temperature  there  was  about  25°C.  The  flux  levels  and  spectra  were  such  that  the  rates  of 
radiation  effects  were  sufficiently  slow  to  make  observation  easy  and  yet  fast  enough  for 
considerable  diode  damage  to  occur  within  a  reasonably  short  period. 

In  order  to  determine  the  radiation  environment  a  series  of  neutron  flux  and  gamma-ray 
measurements  were  made.  The  values  of  neutron  flux  were  obtained  by  activation  of  gold, 
cobalt,  and  sulfur  foils.  Gamma-ray  intensity  was  determined  by  measuring  the  induced 
oxidation  of  ferrous  to  ferric  ions.  Sample  flux  values  and  the  cadmium  ratio,  as  measured 
at  the  position  for  diode  irradiation  in  W-12,  are  given  in  Table  I  for  a  constant  reactor 
power  of  15  Mw.  The  flux  values  for  the  other  two  holes  were  comparable  and  in  each  hole 
varied  approximately  10%  over  the  length  of  the  experimental  assembly. 
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TABLE  I 


Thermal  neutron  flux:  5. 1  x  10^^  n/cm^-sec 

Resonance  (epicadmlum)  neutron  flux  (0.57  ev^  En^  1  Mev):  2.6  x  10^^  n/cm^-sec 

Fast  neutron  flux  (1  Nfev<  En^2  Mev):  2.2  x  10®  n/cm®-8ec 

Fast  neutron  flux  (En>2  Mev):  3.3  x  10®  n/ cm® -sec 

Gamma- ray  intensity:  2.7  x  10^  r/hr 

Cadmium  ratio:  20 


Unless  otherwise  stated,  all  neutron  flux  values  (nv)  or  integrated  neutron  flux  values 
(nvt)  given  in  this  report  refer  to  epicadmlum  (resonance)  neutrond. 

In  the  course  of  this  study  eleven  types  of  commercial  silicon  Junction  diodes  were  irra¬ 
diated.  Life  tests  lasting  one  thousand  hours  were  performed  for  five  types  of  diodes.  See 
Table  II,  page  3 . 

The  diodes  to  be  irradiated  were  mounted  on  a  suitable  material,  such  as  polyethylene  or 
micarta,  and  enclosed  in  aluminum  containers.  For  the  150°C  experiments  the  diode  assem¬ 
blies  were  placed  in  a  furnace  equipped  with  temperature  controls.  The  measurement  of  for¬ 
ward  and  reverse  characteristics  was  accomplished  by  curve  tracing  circuits  which  displayed 
the  characteristic  curves  on  an  oscilloscope.  The  characteristic  curves  of  the  various  diodes 
being  irradiated  were  displayed  smd  photographed  in  succession  by  an  automatic  switching  and 
recording  system. 


DISCUSSION 

In  the  interest  of  brevity,  only  a  few  of  the  some  40,000  data  have  been  selected.  Figure 
I  illustrates  the  change  in  Forward  Voltage  Drop  of  all  diodes  observed  as  integrated  flux 
increases.  The  characteristics  shown  represent  the  most  rapid  change  observed. 

The  Forward  Voltage  Drop  data  was  taken  from  curves  such  as  those  of  Figure  n.  In  this 
slide  four  different  1N538  histories  are  shown,  two  from  experiment  number  six  and  two 
from  experiment  number  seven.  Although  there  is  a  scale  change  between  the  two  sets  of 
data,  a  comparison  is  possible.  The  curves  labeled  "E"  in  the  left  hand  data  are  for  almost 
the  same  integrated  flux  as  the  curves  labelled  "L"  in  the  right  hand  data.  Note  the  vari¬ 
ations  in  the  changes. 

In  the  diode  described  by  the  upper  left  characteristic,  there  is  a  region  of  instability, 
apparently  a  discontinuity  in  the  trace.  A  later  slide  will  illustrate  the  action  of  this  region. 
Similar  regions  were  seen  in  many  of  the  diodes  tested,  but  no  correlation  was  found.  The 
club  shaped  lines  were  caused  by  a  hysteresis  effect. 

The  unusually  high  peak  inverse  voltage  capability  of  the  two  1N538  devices  is  not  fully 
understood.  About  six  percent  of  the  lN538's  received  did  not  exhibit  a  knee  in  the  reverse 
direction  to  500  volts  applied. 

The  lower  right  history  is  not  at  all  unusual.  It  is  representative  of  a  large  number  of 
the  diodes  tested.  Careful  observation  will  reveal  that  the  back  characteristic  reverses  its 
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direction  of  change  and  then  loses  the  knee  as  integrated  flux  increases.  At  the  end  of  irradi¬ 
ation,  as  shown  by  the  nearly  horizontal  curve,  the  device  is  a  resistor. 


TABLE  n  -  TYPES  AND  QUANTITIES  OF  DIODES  IRRADIATED 


u 

0) 

u 

1 

(4 

1  ^ 

S  H 

At  25°C 

At 150°C 

Number 

Tested 

Total 

Integrated 

Epicadmium 

Neutron 

Flux 

Bench 

Test 

Number 

Tested 

Total 

Integrated 

Epicadmium 

Neutron 

Flux 

Bench 

Test 

General  INS38 

B 

7.6  X  10l5 

X 

2.5  X  10l6 

X 

Electric 

H 

1.1  X  10l6 

2.3  X  10l6 

4JA60B 

H 

2.1  X  10l6 

1.1  X  10l6 

Raytheon  IN303A 

B 

7.6  X  10l5 

X 

2 

2.5  X  10l6 

X 

B 

1.1  X  10l6 

2 

2.3  X  10l6 

CK776 

B 

2.1  X  10l6 

2 

1.1 X 10l6 

Hughes  6006 

B 

8.6  X  10l5 

X 

2 

2.5  X  10l6 

X 

2 

1.9  X  10l6 

2 

2.3  X  10l6 

6007 

3 

7.6  X  10l5 

X 

2 

2.5  X  10l6 

3 

1.1  X  10l6 

2 

2.3  X 10l6 

X 

Hoffman  IN212 

3 

8.6  X  10l5 

X 

3 

2.5  X  10l6 

X 

3 

1.9x1016 

2 

2.3  X  10l6 

IN430B 

4 

2.1  X  1016 

2 

1.1 X 10l6 

Transitron  TJlOA 

8.6  X  10l5 

2 

2.5  X 10l6 

1.9  X  10l8 

2 

2.3  X  10l6 

IN336 

6 

1.9  X  1016 

2 

2.5  X  10l6 

2 

2.3  X  10l6 

IN339 

6 

1.9x1016 

2 

2.5  X  10l6 

2 

2.3  X  10l6 

Figure  III  shows  the  characteristics  of  several  IN212  diodes.  Again  note  the  variation 
from  unit  to  unit.  This  diode  Is  rated  for  much  lower  current  and  inverse  voltages  than  the 
IN538.  It  does  Illustrate  the  improvement  which  can  be  obtained  by  using  the  suggested 
techniques  for  increasing  radiation  tolerance  such  as  thin  base-width. 

Note  also  the  different  failure  mechanism  —  that  of  falling-over  versus  that  of 
walking  out. 

Figure  IV  illustrates  the  response  at  150^0  of  both  diode  types.  Careful  observaticm  will 
show  that  the  forward  resistance  did  not  increase  quite  so  rapidly  as  it  did  at  25°C.  In  the 
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IN538  histories  there  is  a  scale  change  as  the  reverse  current  readings  at  high  integrated 
flux  levels  were  made  on  the  same  scale  as  the  forward  current  readings. 

Note  the  normal  effect  of  temperature  changes  on  both  diode  types  as  illustrated  by  the 
curves  "H”,  "J",  and  "K".  As  the  temperature  was  lowered  after  irradiation,  the  forward 
resistance  increased  and  the  back  current  decreased  only  to  return  to  the  same  values  when 
the  temperature  was  raised  to  its  original  level.  There  was  no  noticeable  annealing  at  these 
temperatures. 

To  make  the  data  resulting  from  this  study  more  easily  compared  with  other  studies, 
Figure  V  shows  the  Forward  Voltage  Drop  at  a  constant  current  for  each  of  several  diodes, 
both  IN212  and  IN538  types,  at  25°C  and  150°C.  Note  the  variation  from  unit  to  unit,  both 
initial  and  radiation  induced. 

Figure  VI  shows  some  data  on  the  often  neglected  reverse  current  characteristic.  The 
data  again  illustrates  the  unit  to  unit  variation  although  the  IN212  reverse  characteristic  was 
apparently  unchanged  at  25°C  to  10^®nvt  and  greater. 

Noise  measurements  were  made  in  the  100  cps  to  1000  cps  band  before  and  after  irradi¬ 
ation.  The  amplification  factor  was  10^  and  the  signal  was  observed  on  an  oscilloscope.  Pre¬ 
irradiation  experiments  could  detect  no  signal  from  the  diode  samples.  Post-irradiation  data 
are  shown  in  Figure  VII. 

An  investigation  of  the  discontinuity  region  illustrated  in  Figure  I  revealed  an  oscillatory 
condition.  Figure  Vin  describes  the  experiment. 

As  has  been  determined  by  many  investigators,  and  presented  here  for  the  sake  of  com¬ 
pleteness,  the  switching  time  does  decrease  as  shown  in  Figure  DC. 

CONCLUSION 

The  response  of  silicon  diodes  to  nuclear  irradiation  was  found  to  vary  greatly  among 
diodes,  even  those  of  the  same  type.  A  few  general  observations,  however,  can  be  made. 
The  results  showed  that  radiation  invariably  Increased  the  forward  resistance  of  a  diode. 
This  effect  was  more  pronounced  at  25°C  than  at  150°C.  The* behavior  in  the  reverse  direc¬ 
tion  did  not  follow  any  regular  pattern.  It  can  be  said,  though,  that  at  room  temperature  the 
reverse  current  usually  increased  as  a  function  of  integrated  neutron  flux.  In  some  instances 
a  partial  recovery  was  noted  as  the  integrated  flux  continued  to  increase.  The  normally 
larger  reverse  currents  at  150°C  increased  considerably  more  upon  exposure  in  the  reactor. 
Switching  time  of  diodes  invariably  decreased  with  irradiation,  and  post-irradiation  meas¬ 
urement  of  diode  noise  indicated  that  the  noise  level  had  increased  and  varied  greatly  among 
diodes,  from  microvolts  to  millivolts,  irrespective  od  diode  type. 
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Figure  IZ 


iN538 

REVERSE  CURRENT  VS.  DOSE  AT  2 
CONSTANT  VOLTAGE  (lOOv) 


MCUTAONS/CM^ 


IWUTI|ON/CM> 


10 1» 


1N212  AT  25‘C 

NO  MEASURED  CHANGE  IN 
THE  REVERSE  CHARACTERISTIC 


PEAK  NOISE  VOLTAGES  OBSERVED  UNDER 
VARIOUS  ENVIRONMENTAL  CONDITIONS 


IRRADIATED  AT 

RANGE  OF  PEAK 

NOISE 

MANUFACTURER 

TYPE 

(°c) 

voltage  observed 

Min. 

Max. 

General  Electric 

538 

25 

0.4  mr 

1  mv 

150 

not  observable 

0.5  mv 

4JA60B 

25 

50  (IV 

0,5  mv 

150 

0.15  mv 

0,15  mv 

300 

not  observable 

2  (tv 

Raytheon 

IN303A 

25 

40  (IV 

0,1  mv 

150 

0.4  mv 

10  mv 

CK776 

25 

50  (tv 

0,5  mv 

150 

0.1  V 

0.1  v 

Hughe a 

6006 

25 

30  (tv 

0,1  mv 

150 

0.5  mv 

7  mv 

6007 

25 

15  (tv 

10  mv 

150 

1.5  mv 

10  mv 

Hoffman 

1N212 

25 

not  observable 

15  (tv 

150 

not  observable 

1  mv 

Transitron 

TJlOA 

25 

50  (tv 

1,5  mv 

150 

0.3  mv 

1,5  mv 

IN336 

25 

not  observable 

0.5  mv 

150 

20  (tv 

2  mv 

IN339 

25 

20  (tv 

0.4  mv 

150 

20  (tv 

0.2  mv 
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Figure  Vn 


lKlVE5TlSATlOhJ  OF  TH^  DISCOMTIKJUITY  REGION  PRODUCED 
m  A  diodes'  forward  character  I  STIC  BY  KJEUTROM  IPWADIATIOM 


DISCONTINUITV  in  tUE  FORWARP 
CHARACTER,1?STIC  of  tMI.  DiODtr  UNPFR. 
INVESTlGAriOM 


CIRCUIT  USED  FOR  FIGS.  B.C^E  (a) 


SCALE 

HOR.  »  lOv/^M 
N/feRT  =  S-Mfi/ctA 


IpORWARO'^-MA. 


IpORWARP  -S'mA. 
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Figure  vm 
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Abstract 

Three  generic  types  of  silicon  diode  failure  under 
radiation  are  simulated.  The  simulation  is  applied  to  a 
full -wave,  center- tap  magnetic  amplifier  and  a  half- 
bridge,  half-wave  magnetic  amplifier.  Conclusions  are 
drawn  as  to  the  most  suitable  basic  diode  type  \inder 
radiation.  Also  discussed  aret  changes  to  be  expected 
in  magnetic  an^ilifier  perfoitnance  as  a  result  of  radiation- 
induced  diode  effects;-  means  of  reducing  some  of  these 
effects « 


I.  PURPOSE 


A  considerable  amount  of  data  has  been  compiled  by  various  experimenters  on 
the  radiation  effects  on  silicon  diodes  (see  References  1,  2,  3,  and  li) . 

In  the  Materials  Development  Section  of  ANPD,  work  has  been  done  to  determine 
the  diode  design  parameters  which  influence  the  radiation  tolerance  of 
silicon  devices.  As  a  result  of  this  work  (Reference  2),  it  is  now  possible 
to  obtain  diodes  specifically  designed  to  increase  their  radiation  tolerance 
by  as  much  as  a  factor  of  100.  It  is  possible  to  complete  development  of 
radiation-tolerant  diffused-Junctlon  rectifiers  or  alloy-junction  rectifiers 
in  the  final  phase  of  this  materials  development  program.  It  is  the  purpose 
of  this  report  to  recommend  a  final  development  of  radiation-tolerant 
dlffused-Jvuictlon  or  alloy-junction  diode,  to  reach  some  conclusions  as  to 
the  effects  of  three  generic  types  of  diode  irradiation  produced  failures 
on  magnetic  amplifier  performance  and  to  predict  life  of  magnetic  amplifiers 
exposed  to  radiation  when  constructed  with  these  diodes. 
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II.  PROCEDURE 


▲.  aimulatlon  of  Radiation  Effects  on  Silicon  Dlodea 

PSroni  discussion  with  Gordon  Hall  (Reference  U)  and  G.  Huth  (Reference 
1),  it  was  determined  that  tijere  were  three  basic  types  of  semiconductor 
rectifier  radiation  failure ,^as  illustrated  in  Hgure  1.  Type  k. 

Figure  1,  is  characterized  by  "walking  out"  in  the  forward  region  as 
the  dosage  increases;  that  is,  the  forward  voltage  to  enter  the  hi^- 
conduction  region  increases  as  the  radiation  dosage  increases.  (This 
is  designated  by  Erf.)  T^pe  B,  Figure  1,  shows  the  knee  of  the  forward 
region  remains  at  its  initial  value,  while  the  forward  conduction 
decreases  as  the  dosage  increases.  !type  C,  Figure  1,  exhibits  both  the 
"walking  out"  of  the  forward  conduction  knee  and  the  decrease  in 
forward  C‘  nductivity  as  the  radiation  dosage  increases. 

Four  degrees  in  each  of  the  three  types  of  diode  failure  were  simiJ-ated 
by  me, -ms  of  the  circuit  as  shown  in  Figure  2.  The  parameters  were  varied 
in  as  realistic  a  manner  as  possible,  as  determined  from  the  various 
references  on  diode  irradiation  (References  1,  2,  and  3*)  The  maximum 
simulated  changes  in  diode  failure  characteristics  were  purposely  set 
beyond  irtiere  the  diode  would  normally  have  been  considered  failed  in 
order  to  see  the  greatest  possible  influence  on  the  magnetic  amplifier 
circuits. 

Rather  than  vary  the  back  resistance  with  each  change  in  forward 
resistance  or  increase  in  conduction  knee,  it  was  decided  to  set  the 
back  resistance  shunt  at  its  minimum  value  and  leave  it  for  all  but  the 
recordings  of  unmodified  diodes.  The  shunt  resistor  is  designated  by 

^rs* 

Recorded  curves  of  the  four  variations  of  each  of  the  three  families 
of  diode  failure  are  shown  in  Figures  3,  U,  and  3,  Each  of  these 
variations  was  quadrupled  (each  circuit  requires  four  diodes)  and 
substituted  in  the  two  magnetic  amplifier  circuits. 

To  eliminate  the  variations  which  might  be  produced  by  mismatched 
diodes,  the  forward  voltage  drop  of  twenty  (20)  INl^iilB  diodes  were 
measured  at  various  forward  currents  and  the  reverse  currents  at  100 
volts.  The  four  most  closely  matched  units  were  then  used  in  the 
simulation.  The  spread  of  values  was  small.  Table  I  contains  the 
results  of  the  matching. 

B.  ^cording  of  Magnetic  Amplifier  Static-Gain  Curves 

A  Mosley  two-aods  recorder  with  an  x  11-inch  bed  was  used  to  give 
good  accuracy.  Amplifier  output  was  recorded  on  the  norizontal  axis 
irtille  driving  current  was  recorded  on  the  vertical  axis.  A  small 
rate -controlled  motor  drive  was  used  to  turn  a  10-tum  helipot  supply¬ 
ing  both  positive  and  negative  drive  to  the  anplifier  control  windings. 
This  was  necessary  to  insure  smoothness  of  the  recordings  and  saved 
considerable  time  in  running  the  curves. 
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1  Ma 
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50  Ma 

IR  Drop 

IR  Drop 

IR  Drop 

^rev. 

Diode 

Across 

Across 

Across 

•  100  VDC 

Number 

Diode 

Diode 

Diode 

in  tJ  Amps 

1 

.586 

.729 

.762 

/ 

81 
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.586 

.735 

.776 

U7 

3 

*59li 

*7h0 

.775 

97 

U 

.588 

.738 

.771 

76 

5 

.592 

•7hh 

.783 

5U 

6 

.590 

.730 

.765 

50 

7 

.609 

.779 

.828 

81 

8 

.585 

.71^6 

.791 

itU 

9 

.597 

.735 

.769 

65 

10 

.593 

.7li7 

.790 

59 

11 

.596 

•7h9 

.788 

89 

12 

.597 

.739 

.773 

66 

13 

.582 

.7U3 

.787 
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lU 

.588 

.750 

.797 

122 

15 

.596 

.729 

.760 

33 

16 

.603 

.773 

.819 

73 

17 

.595 

,7k0 

.778 

5U 

18 

.615 

.759 

.795 

112 

19 

.592 

.7U3 

.778 

73 

20 

.592 

.7U8 

.785 

98 

m,  RESULTS 

A.  Full -Wave,  Center-Tap  Circuit 

To  fully  determine  the  effects  of  diode  changes  on  the  circuit,  it  was 
necessar;’^  to  remote  the  200K  shunts  idiich  have  previously  been  used 
across  the  four  rectifiers  in  this  circuit.  This,  in  turn,  necessitated 
redesign  of  the  biasing  on  this  an^lifier.  The  modified  circuit  is 
shown  in  Figure  6.  The  static-gain  curve  of  this  amplifier  with  no 
diode  modifications  is  shown  in  Figure  7* 
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Since  the  radiation -induced  changes  in  diode  back  resistance  were  to  be 
simulated  by  a  200K  shunt  for  all  conditions,  it  was  of  interest  to  see 
the  effects  of  various  shunting  resistors  oh  the  circuit.  The  results 
are  shown  in  Figure  8.  As  would  be  expected,  the  reduced  diode  reverse 
resistance,  when  shunted,  acts  as  negative  feedback,  thereby,  reducing 
the  gain.  Normal  current  gain  of  22$  ma./ma.  is  reduced  to  156  ma./ma. 
with  the  200K  diode  shunts.  The  linearity  of  the  200K  curve  of  Figure 
8  is  slightly  more  linear  than  those  of  the  higher-value  shiants.  The 
limits  of  the  llhear  region  are,  however,  reduced. 

1.  Effects  on  This  Circuit  of  the  Diode  Changes  of  Figure  IB 

The  effects  on  the  center-tap,  full-wave  magnetic  amplifier  with  the 
diode  characteristics  of  Figure  3  inserted  are  shown  in  Figures  9, 

10,  11,  and  12.  The  first  effect  noticed  is  the  bistable  action 
at  the  extremes  of  all  curves.  Since  this  circuit  is  operated  just 
at  saturation,  the  increased  forward  drop  caused  by  the  diodes 
increased  forward  resistance  results  in  insufficient  gate  voltage 
to  reach  positive  saturation  when  one-half  of  the  unit  has  been 
driven  into  cutoff.  Figure  13  displays  the  two  halves  of  the  center- 
tap  magnetic  amplifier  in  such  a  way  that  the  combined  differential 
output  characteristic  is  shown.  It  is  clearly  seen  that  the  cutoff 
point  of  first  one  side,  and  then  the  other,  are  responsible  for 
the  bistable  portions  at  each  end  of  the  gain  ciirve. 

A  second  effect  is  the  decrease  in  the  saturation  level  of  the  gain 
curve  as  the  diode  forward  resistance  increases.  This  would  be 
expected,  since  the  output  voltage  obtained  when  the  core  is 
saturated  is  divided  between  the  load  resistance  and  the  rectifier 
forward  resistance.  The  rectifier  forward  resistance  is  normally 
low  (1  ohm  or  less)  and  does  not  show  an  appreciable  forward 
voltage  drop. 

It  will  also  be  noticed  from  Figures  9,  10,  11,  and  12  that  the 
an^llfler  current  gain  reduces  as  the  diode  forward  resistance 
decreases,  since  the  load  sees  proportionately  less  of  the  voltage 
applied  to  load  and  rectifier. 


The  resistance  of  the  diode  in  the  forward-conduction  region  is  the 
<^yziamic  resistance  as  would  be  give  by 


^  (^diode) 
^  (Ediode) 


Rectifier  Forward 
Dynamic 

Resistance  ■  R-- 


idien  the  diode  is  definitely  beyond  the  knee  of  the  conduction 
cone. 
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FIG  13 


2,  Effects  on  This  Circuit  of  the  Diode  Changes  of  Figure  lA 

As  was  shown  in  Figure  lA,  the  failure  of  this  type  of  diode  is 
primarily  an  increase  in  voltage  of  the  knee  region  of  the  forward- 
conduction  curve  as  the  dosage  increases. 

Figure  lU  shows  the  amplifier  with  only  the  200K  diode  shvint 
applied  to  simulate  increase  in  back  current  of  the  rectifier  under 
radiation.  The  same  bistable  points  at  the  extreme  ends  of  the 
gain  curve  occur  again  when  the  200K  rectifier  shunts  are  applied 
as  in  Figiire  10.  Note  that  these  points  do  not  occur  in  the 
original  amplifier  gain  curve.  They  are  encountered  only  when  the 
amplifier  is  driven  into  cutoff  on  either  end  of  its  transfer 
characteristic.  As  the  cores  are  brought  back  from  cutoff 
(negative  saturation)  the  snap  occurs. 

Explanation  of  Triggering  Action  -  Before  interpreting  any  of  the 
amplifier  gain  curves  showing  triggering,  it  is  in  order  to  explain 
the  cause  of  this  phenomena. 

From  Figure  13  it  can  be  seen  from  the  arrow  indicators  that  the 
trirgering,  or  snap  action,  takes  place  only  after  the  core  has 
been  driven  into  cutoff  from  the  action  of  the  control  signals. 

As  the  core  is  then  leaving  the  region  of  cutoff,  the  control 
signal  increasing,  bistable  action  takes  place,  jumping  from  a  low 
value  of  output  current  to  a  higher  value. 

It  has  been  determined  by  experiment.  Reference  1,  that  when  the 
core  has  been  driven  into  negative  saturation,  also  called  cutoff, 
all  domain  orientations  have  been  aligned  in  the  direction  of  "Uie 
applied  field.  (Only  a  minute  number  of  the  domains  will  never  be 
orientated  with  respect  of  the  field.  It  is  thought  that  these 
are  due  to  imperfections  and  discontinuities  in  the  crystal 
structure  of  the  magnetic  material.)  Once  driven  into  magnetic 
saturation,  there  are  no  unoriented  domains  in  the  direction  of  the 
applied  field.  From  ejqserimental  evidence  and  theory  it  is 
determined  that  in  this  portion  of  the  hysteresis  loop  the  increase 
in  magnetization  takes  place  in  the  form  of  domain  growth.  The 
domains  most  nearly  aligned  with  the  applied  field  grow  at  the 
expense  of  their  neighbors.  Since  no  domains  oriented  in  the  direc¬ 
tion  of  a  reverse  field  will  be  in  existence,  after  having  been 
aligned  100/8  in  the  opposite  direction  during  negative  saturation, 
a  larger  field  must  be  applied  to  reverse  the  magnetization  than 
would  be  required  if  the  material  had  not  been  negatively  saturated. 
This  results  in  the  displacement  of  the  left  comer  of  the  major 
loop  beyond  the  locus  of  the  upper  left-hand  comers  of  all  the 
minor  loops,  as  shown  by  the  dotted  lines  in  Figures  1$  and  16. 
Further  consideration  predicts  that  the  locus  of  the  upper  left- 
hand  comers  of  all  minor  loops  will  be  in  a  straight  vertical  line 
since  this  represents  the  lowest  coercive  force.  No  magnetization 
will  occur  until  the  field  has  reached  this  value  of  coercive 
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Figure  16  shows  the  action  resulting  in  triggering.  Figure  16A 
relates  the  transfer  characteristic  to  the  hysteresis  loop  as  the 
core  is  driven  into  negative  saturation.  It  is  assumed  that  the 
a-c  driving  voltage  on  this  particvilar  circuit  is  insufficient  to 
provide  a  flux  excursion  from  negative  to  positive  saturation  every 
cycle.  Figure  16B  shows  the  relation  of  the  minor  hysteresis  loop 
to  the  transfer  characteristic  after  the  core  has  been  driven  into 
negative  saturation  as  in  Figure  16A.  In  Figure  16C,  the  control 
signal  is  being  returned  from  values  beyond  those  causing  negative 
saturation  into  the  conduction  region  once  again.  No  magnetization 
change  will  take  place  until  point  6a  is  reached  where  sufficient 
field  is  being  applied  to  cause  domain  growth  as  previously  pointed 
out.  At  this  point  a  cycling  action  will  take  place  in  which  the 
first  minor  loop,  as  the  core  comes  out  of  negative  saturation, 
will  cycle  up  the  major  loop  towards  positive  saturation  vintil  it 
reaches  saturation  finally  on  one  particular  gating  cycle.  This 
is  indicated  in  Figure  16C  by  arrows.  Since  the  control  signal  had 
to  be  Increased  to  return  the  core  from  negative  saturation  to 
point  6a  in  order  to  initiate  any  action,  this  same  amount  of 
control  current  will  determine  the  firing  point  on  all  cycles  after 
that  in  iMoh  the  core  saturated  after  completing  the  ratcheting 
action. 
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This  will  result  In  continued  operation  of  the  core  at  point  6h  on 
the  transfer  characteristic  and  hysteresis  loop.  For  this  particu¬ 
lar  Talue  of  control  current  there  are  two  stable  states  of  output 
current,  depending  on  the  prior  history  of  that  core,  lhat  is, 
whether  it  had  bean  in  negative  saturation  or  not.  When  the  control 
current  is  reduced  from  values  near  positive  saturation  (full  on), 
the  output  current  can  be  controlled  back  and  forth  around  point 
6b  with  no  snap  as  long  as  negative  saturation  is  never  reached. 

When  it  is  reached,  it  is  necessaxy  to  increase  the  control  current 
to  point  6a  to  obtain  any  change  in  output  current.  It  should  be 
noted  that  there  is  an  associated  time  delay  with  this  triggering 
action  since  several  cycles  of  the  applied  a-c  voltage  are  required 
to  carry  the  core  from  the  initial  minor  loop  to  the  minor  loop 
first  achieving  satviration.  Prior  to  this  time,  the  core  had  been 
able  to  completely  absorb  the  volt-seconds  applied  by  the  a-c 
driving  voltage  resulting  in  the  horizontal  section  in  figure  16C 
from  point  U  to  point  6a.  On  the  cycle  in  which  the  core  reaches 
saturation,  it  occurs  at  a  phase  angle  less  than  180  degrees, 
resulting  in  the  usual  sharp  change  in  gate  current  throtigh  its 
windings  and  produces  the  juiiq}  which  will  be  seen  from  6a  to  6b  on 
the  transfer  curve,  Figpire  16C.  It  is  at  this  time  that  a  snap  is 
observed  in  the  aaplifier  and  load  using  this  core. 

The  cycling  or  ratcheting,  as  it  is  sometimes  called,  occurs  as  a 
result  of  less  gate  voltage  than  that  determined  by 

Es  ■  U.liU  BtNF  X  10“®  volts 

irtisre  B  is  flux  density  in  Kilogauss 
A  is  cross-section  cm^ 

N  nuniber  of  turns 
F  is  frequency  in  cycles/sec. 

and  unequal  positive  and  negative  magnetizing  conditions  during  a 
cycle  of  operation.  Assuming  that  the  applied  bias  is  less  than  that 
required  to  reach  negative  saturation,  such  as  point  6a  in  Figure 
16C  and  that  there  is  a  rectifier,  is  series  with  the  applied 
gating  voltage  and  the  gate  winding.  The  circuit  to  investigate 
these  conditions  is  shown  in  Figure  17* 
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Figure  17 


The  positive  change  in  flux  during  the  rectifier’s  conductive  time 
is  detemined  from  Faraday's  law. 


-  >1 


where  0  is  magnetic  flux  in  Maxwells. 


Since  the  rectifier  blocks  the  flow  of  reverse  current  in  the  gate 
circuit,  the  resetting  or  application  of  negative -going  flux  is 
determined  primarily  by  the  applied  d-c  bias.  Since  this  was 
assumed  less  than  that  necessary  to  carry  the  core  back  down  the 
loop  to  negative  saturati.on  the  core  will  be  carried  negative  to  a 
point  not  yet  in  negative  saturation  as  determined  by  the  applied 
d-c  bias.  The  negative  change  in  flux  would  be  identical  to  the 
positive  change  if  the  rectifier  did  not  block  the  reverse  current 
flow  idiich  would  cause  negative  flux  change  by  the  gate  circuit. 
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occurs 


A  net  difference  in  (A  0)*  and  0  )“ 

a4> = a4T-  o^T 

The  number  of  cycles  of  ratcheting  are  determined  by 


before  reaching  positive  saturation.  This  has  been  observed  by 
several  experimenters  (Reference  6) .  The  sit\iation  is  clearly 


The  time  in  the  a-c  cycle  when  the  last  minor  loop  reaches 
saturation  is  such  that  a  Jump  in  load  current  will  occur  for  all 
values  of  bias  less  than  that  required  to  reach  negative  saturation, 
point  U  in  Figure  16B. 


Figure  19  displays  the  results  when  0.65  V  forward  voltage  drop  is 
Inserted  simulating  the  Increase  in  the  voltage  of  this  diode  t;^ 
under  radiation,  the  bistable  regions  at  each  end  of  the  transfer 
characteristic  occur  at  less  control  current  (Ij.n)  greater 

in  magnitude  (lout)*  variation  in  components  and 

batteries  causes  the  appearance  of  U  separate  jumps,  probably 
associated  with  each  of  the  four  cores.  As  previously  pointed  out, 
the  junqp  occurs  after  having  driven  out  into  cutoff  (flat  regions 
at  each  end  of  the  curve).  In  Figure  20,  Er«  has  been  Increased 
to  1.95  V.  The  bistable  regions  now  cover  ^  almost  the  entire 
transfer  characteristic,  rendering  the  amplifier  completely  viseless. 
The  small  jumps  are  probably  caused  by  induced  voltage  in  the  control 
circuit  from  the  opposite  pair  of  cores  which  are  triggering. 

Note  that  the  small  jumps  occur  when  increasing  the  control  current 
and  are  in  opposite  directions  from  the  larger  bistable  jumps.  The 
arrows  indicate  the  sequence  of  events.  Figure  21  shows  the 
characteristic  with  -  3.85  V.  The  transfer  characteristic 
now  consists  almost  entirely  of  a  series  of  bistable  regions.  As 
the  Epf  has  been  increasing  the  bistable  regions  occur  at  less  and 
less  control  current  and  exhibit  large  jumps  in  output  current. 

Since  the  a-c  gating  voltage  must  overcome  the  knee  voltage  of  the 
rectifier  to  cause  appreciable  condutlon,  there  will  be  less  and 
leas  voltage  applied  to  produce  0)*  in  the  core  as  the  rectifier 
knee  voltage  increases.  The  reduced  0)*  will,  of  course,  cause 
the  core  to  saturate  early  in  the  cycle  yitien  the  first  ratcheting 
minor  loop  does  reach  saturation,  resulting  in  a  greater  jump  in 
load  current.  That  is,  from  cutoff,  (min.  current)  to  near 
maximum  current.  Thus,  one  could  expect  the  increasing  knee  voltage 
to  cause  more  severe  triggering.  The  association  of  decreased 
control  current  to  reach  the  bistable  points  with  increasing  ®rf 
can  be  deduced  from  Figure  13.  Assume  control  current  bad  been  such 
as  to  cause  Icontrol  ^  ^  maximum,  cutting  off  side  B  at  point  2a. 

As  the  control  current  is  reduced  from  its  maximum  value,  2a  is 
reached  going  in  the  opposite  direction.  The  rectifier  knee  voltage 
has  initiated  the  sequence  of  events  so  far  described.  Triggering 
would  take  the  place  at  3a,  the  cutout  of  side  B  junqplng  to  la. 

The  total  transfer  characteristic  is  consequently  affected,  as 
shown.  If  the  knee  voltage  continues  to  increase,  triggering  will 
take  place  at  6a  for  reasons  already  explained.  Thus,  it  appears 
that  the  triggering  takes  place  at  small  control  currents  as  the 
rectifier  knee  voltage  increases  with  radiation. 

3.  Effects  on  This  Circuit  of  the  Diode  Changes  of  Figure  1C 

fhe  diode  of  Figure  1C  combines  the  increasing  conduction  knee 
voltage  associated  with  la  with  the  decreased  forward  conduction 
with  the  diode  at  lb.  Besults  are  shown  in  Figures  22  to  2U. 
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As  might  be  expected,  the  effect  on  the  magnetic  amplifier  appears 
to  be  superimposition  of  the  effects  produced  by  the  two  previous 
diode  failure  types.  The  same  bistable  action  is  present,  increas¬ 
ing  in  magnitude  as  the  radiation  effects  increase  until  little 
or  no  proportional  region  occurs.  Because  of  the  decreased  forward 
conductivity  of  the  diode,  the  maximum  output  current  is  less  than 
half  for  this  form  of  diode  failure .  The  examination  of  these 
effects  is  covered  in  section  III-A-1  and  III-A-2. 

B.  Half-Wave,  Half- Bridge  Circuit 

The  circuit  of  the  half-wave  half-bridge  magnetic  amplifier  is  shown  in 
Figure  2^.  Again,  the  circuit  effects  produced  by  forward  and  reverse 
diode  characteristics  have  been  separated  for  clarity  as  was  done  for 
the  full-wave,  center-tap  circuit. 

In  Figure  26  the  original  transfer  characteristic  of  the  amplifier  is 
shown  for  comparison  without  diode  changes. 

As  a  matter  of  interest  the  reset  diodes  were  shunted  independently 
of  the  circuit  diodes  to  further  separate  effects.  The  results  of  a 
900K  and  a  200K  resistor  shunt  are  showi  in  Figure  28.  No  deviation 
from  the  original  curve  of  Figure  2?  has  occurred  for  either  shunt 
value.  The  gate  diodes  were  then  shunted  with  the  same  two  values  of 
shunt,  leaving  the  reset  diodes  unshunted  and  the  effect  on  the  anpli- 
fiers  transfer  characteristic  recorded  in  Figure  2?.  Figure  27B, 

900K  shunt,  indicated  a  slight  reduction  in  gain  \diile  the  200K  shunt 
produces  27B  about  a  2-to-l  reduction  in  gain.  This  is  the  only 
observable  effect  on  the  amplifier  as  a  function  of  diode  reverse 
current  increase.  As  a  total  effect  then,  for  both  gate  and  reset 
diodes,  one  would  expect  approximately  2-to-l  gain  reduction  with  the 
worst  diode  back  current  condition  (200K)  due  entirely  to  the  gate 
circuit  diodes.  The  increased  resetting  produced  through  the  gate 
turns  with  the  increased  diode  reverse  current,  which  is  of  the  right 
phase  to  cause  resetting,  is  responsible  for  this  reduction.  The 
effect  is  greater  than  that  produced  by  shunting  the  reset  diodes 
because  the  larger  number  of  gate  turns  produces  a  greater  NI.  (Beset 
to  gate  turn  ratio  is  usually  1:10  in  this  circuit.) 

1.  Effects  on  This  Circuit  of  the  Diode  Changes  of  Figure  IB 

The  decreasing  forward  conductivity  of  this  diode  as  irradiation 
orogress  produces  a  moderate  reduction  in  gain  and  a  gradually 
reducing  maximum  current  output.  The  reasons  for  this  behavior 
are  identical  with  those  of  section  III-A-1.  Results  are  displayed 
in  Figures  29  and  30. 

Th.e  shape  of  the  transfer  characteristic  is  not  altered  and  no 
discontinuities  are  produced  as  was  found  in  the  full-wave,  center- 
tap  circuit.  This  is  a  result  of  operating  with  greater  than 
saturation  voltage  in  the  gate  circuit.  That  is. 


-32- 


33 


■■■■■■■■■■■■■•■■■■■■Ml 

•■■■■■■■■■■■■■■■■■■M^ 


■■■■■■■■■■■■■■M^^^^^^ 

■■■■■■■■■■■■■ ■■■■■■■■■! 


■■§■■■■■■■■■■»■■■■■■■■■■■■■■■■■■■■■■»■■■■■■ ■■■! 

■■■■■Kr*— *******"-***”************”*******^ 

■■■■■■M^a^8nSiS8S88X8SSS8S8S8SSSS  ■■■»■■■■■■■■■' 

■■■■■M^^B^^ua  ■■■■■■■MaaMaaBaaaasaBWBaaaaaaaai 
■Maaaaaaaaaaa  ■■■Msaaaa  ■■»■■■■■■■■■■■■■  ^aav^aai 
■■■^■■■■■■MaB  •■■■■( -  —  — 


■■■■■■■■■■■■■■■■■MaBMaaa 
■■■■■■■■■■■■■■■■■MaaaaMa 
■■■■■■■■■MaaaaHaaaaaaaaa 
■■■■■■■■■■■■■■■■■■MBaaaaa 

■■■■■■■■■■■■■■■■■■■■■■•■■a 
■■■■■■■■■■■■■■■■■■■■■■■■■a 
■■■■■■■■■■■■■■■■■■■■■■■■■a _ 

■■■■■■■■■■■MaaaaaaaaaaMaaaaaai 


- - - - - - ... _ _ _ Jaaa 

«■■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■■■■•!  ■■ ■■ - 3aaa 
■■•MaaaaaaaaaaaaaaH*aaaa<amaB«^aBa 
- .■■■■«■■»■■- - 


■■■■■■■BaBBai 


.jaan 

■■■■■■ 

l■■■■■l 


maaMaaMaaaaaai  ■  •  lan.  aar  saai 
iMaaMaa4MBBBaaag..iaB»  caa 

iMaMaaM-'‘MaaaaBw.'‘'«aB-  ■■■•n-< 

l■•^-~-■■■■■■■■■■^.B■■M■■■•4t11 
_ _ _ i»  BajaBaaaaaaaaaaB'.iaanBaaBBb-^ 

laaaMaaaaaaBiaaa  lafiaaaaaaiaaaaaatk.  tau.'aav'Jir^. 

- l■■•■■■■B■’l■■■■■■■■■■■■■■.  «aar'aaBDi  ~ 


■■■■■■■■■■■■•■■■■I 

- ■■■■■■■■■■■■ 

■■■■■■■■■■■a 
■■■■■■■■■■■a 
■■■■■■■■■■■a 


■■■■■■■■■■■■■■■■■■■■a 


■■■■■■■■■■■■B  ■■■■  ■■  iBBaBaaaaaBaaag  ^B«B'’.»Ba"jp«i 
■■■BaPBaaraaB  aBBaBaaaBaaaaaaaBaaaaw^aa  '  i 
■■■■■■■■MaaB  ■••!.■§>«  ■■■■■■■■■■■■■  aaai  ■■ 

■■■■■■■■aaaap laai  at Baaaaaaaaaaaaai ■ aabBaaB 
■■■■MaMaaab  •■■uariaaaaaaaaaaaaaaBt.«-«aaaaa 
■■■■■■■■■■■■■  ■■■'lat  !■■■■■■■■■■■■■■■■■  tr**paa  r  .'i-rj 
■■■■■■■■■■■■■  ■■■  la  •■■■■■■■■■■■■■■■  ^.  ii<Biaa..rfiii  i 
■■■■■■■■aacBB  ■■■  M  ■■■■■■■■■■■■■■■BP'  .igaMvaa* 
■■■■■■■■■■■■BiaaBBBaaaaBMaaaaaaai>.'"ii  iBaB 
■■■■■■■■■BaaB  ■■■  agaaBBB  '■■■■■■■■■■ ia*«aa 


_ ■■■■■■■■■■! 

^■■■■■■■■■■■■■■■■■■a 


jnraaaaaaaaaaaa 


!■■■■■■■■■■■■■■■■■ 


■■■■■Maaaaaaaaaaaaaaaaaaaaaaaaa 


■■■■■■■■  •■»  '■•, ■■■■■■■■■■■■■■■■■■«!  >■  ■■■  •  ■!  ■■■■■■■■■■■■■•■■ 

■■■■■■■•  iBf  ■ll■■■■■c■■■■■■■■■■■■■a«•■■■■a■•■■■■■■■■H■■■■■ 

■■■■■■■■  ■*iiiaMaaaaaaaaaaaaaaaaaaaB>-aaBBaBaaaar3aaaaaaaaaa 
■■■■■■■BBanat  <■■■■■■■■■■■■■■■■■■  •■■■■■auMayaaai.jaaaaaaaaaa 
■■■■■■■■  ■■’!■'•■■■■■■■■■■■■■■■•  •  a  IB  '•■a..'  4aaaaMyaaaaaaaMa' 
■aaaaaaB ■■  la  iaaaaaaaMaaaaaaia—«ia  laarawvaaaah.paaaaaaaaaa 
■■■■■■■■■a  la •■■■■■■■■■■■■■■■•■■  aaaaaB  «■)  <•  aaaaFnB^aaaaaaaa 
■■■■■■■■■a  IB  ■■■■■■■■■■■■■■■■BJ'^>iBJ‘Baa^''r:*aaaaL''jB  .■■■■■■■■ 
■Maaaaa  ■■•■■■■■■■■■■■■■■■■■•’«.  tap^aa.'^k- '.a - -  - 


>  •■■■!  'IB  ' 


■■■■■■■■■■■■■■■■■Mai 
■■■■■■■■Maaaaaaaaaa 
■■■■■■■■■■■■■■■■■■■a 
■■■■■■■■■■■■■■■■■■■a 
■  ■■■■■■■■■■■■■■■■MB 

■■■■■■■■■■■■■■■■■■■■' 
■■■■■MaaaaaaaaBBaaa 
■■■■■■■■■Maaaaaaaaa 
■■■■■■■■■■■■■■■■•■■a 
~iBaaaaaaaaMBaaaaaa 
■■•■■■■MMa  ■■■■■■■ 
iBaaMaMMaaaaaaaa 
iBBaaaaMaaaaaaaaaa 
■■■■■MaaaMaaaaaaa 


■■■■a■■■■■■■■■■■■■■■a■■•■■k.■■■■■aB■■■■B■■■■a••Br  «  laaBBBaaaaaaaB '«■■■■■■■■■ 
■■■■■■■■■■Maaaaaaaaaaa  ■■  ■!<■■■■■■■■■■■■■■■■■--■'•■■-■■'•  ii  • « BMa  i » «  ^■■■■■■■■a 
■■■■■■■■■■■■■■■MMaaaBBBanaaaaaBaaaaaaaaaai  ■  «■■■■■■■■■■■■■■■■■'■■■■■■■■■■ 
Maaaaaaaaaaaaaaaaaaaaa  at  a  l■■■■■■■■a■■■■■■■B•-B■■P■■■•  ■■■■■a'^.n « •  ■■■■■Maa 
■■•■■■■■■■■MaaaaaaaaaBak  ■■■■■■■■■■■■■■■■■■■.•  at  ■■■■■•^■■■■■^^c '■«'■■■■■■■ 
■a•■■■■■■■■■■■■i■■■■■■■■l•■■■■■■■■■■■■■■■■■■l  -  -  iB'^iaaB  -  ■■■■■■yaaa^^aaaaaaa 
■■■■■■■■■■■■■■■•■■■■■■■  ai  ii  ■■■■■■■■■■■■■■■■■■■■■!<..■■■.  .■■■■■■•■  !■»«■■■■■■ 
■■•■■■■MaaaaaaaaaaaaaBBiia.aaaaaBaaaaaaaaaaaaaiai  — ■■■  -!■■■■■■  ■■•■jb  ■■■■■■ 
■■■■■■■■■■■■■■■■■■■■■■■  ■llll■■■■■■■■■■■■■■■■■■■a■»<■■■■■  ..  aaanaaapAaaaaMaaa 
■■■•■■■■■■■■■■■■■MaaaBB'iiiaaaaaaaaaaaaaaaaaa*  ■'iita  •■■•  .laaayar  na*  ibi  ■■■■■■ 
■■■■■•■■■■■■■■■■■■■■■■■an.  !■■■■■■■■■■■■■■■■■■■■  «B..aaB  >■>■■!/•  la. jv  .'Bk  ^aMaaa 
■■•■■■MaMMaaaaaaaMBBta  •■■■■■■■■■■■■■■■■•■■■  laa  .■■■  ..taaB^  aaaa  '  BaaaaaMa 
■•■■■■■■■■■■■MaaaMaaBB  a !■■■■■■■■■■■■■■■■■■■■  ar  —■■■..laai  ■  larf^aBaaBaaMa 
■■■■■■■■■•■■■■■■■MaaaB  a  ■■■■■■■■■■■■■■■■■■■■''..  lara  ..'■■■  «k<aaaa'aawuaaaaaaaaaa 
■MBaaaaaaaaaaaaaaaaaaBkiBaaaaaaaaaaaaaaaaaBB-  II  bp  ■■■•.(■■■■  l■■■■■■B■■■M■ 
■■■■■■■■■■■MaaaaMaaaBBiaaMaaaBaaaaaaaaaaB-‘;Biip':aaap«<aaB’'  aaaaaaaaaMaH 


■■■■•■■:  ■■■■■■■■■■■■■■■■■■•aaaiia^aaa  a»iaarBiaaaaaaaaaaaa 
■MaaBi(<aaaaaaaaaaaaaaaaaaBaaaii»:aaM'a.iaaB>  aaai ■■■■■■■■■! 


■■■■■•■MaaBBaaaaaaaaaaa 


■■■■■■■■  ll■■■■■■a■  ■■■■■■■■■■■  aaiB 


*iaai’i  ■■■■■■■■■■■■■■ 


■■■■■■■■■■■■■■■■•■■MaBaaaaaaaa 


■■■MB  •■■■■MaaaMaaaaaaaaaaaaaaaaaaaaaaai 


■■■■■■•■■■■■•■■■■■■■■■■•••■■••■••■■•Ma _ _ _ _ _ _ 

■■■•••■■■■•■■■■•■•■■■••MaaaaaaaaaaaaaaMap  a■■■■■■■■■■■■••■■■■■■•■B■■■••■B■■•■■■■■■■■■■■■■■■■ 

••Ba  <•■■•■■■••••■■■■■••■■•■••■•■••••■■•■••»  «■■■■■■■■■■a■a■■■M■ ••■■■■■■■■ BBBBBaaaaBaaaaaaaaaa 

■aar  ^■■a■a■■a■■■a■■■■■■aa■■■■aaa■a■■aM■■■» ■•■■■■■■••■■■■■■■■■■■■■■•■■■■■■■■■■■■■■■■■•■■■■■■■ 
■■■P.aaaaaMaaaaaaiiaaaaaMaaaaaaaaaaaaaaaat  •■■■■■■■••■■■•■■■■■■■■MaMBaaaaaaaaaaaaaaaaaaaaM 
■•B  laaaMaiMaaMMaaMaMMMaaaaaaaMaaat  •■■■■■■■■■■■■■■■■■■•  ■■■■■■MaaaaaaaaaaMBaaaaaaaaa 

■••  •■■■■■■■■■  MaaaaaaMBai - ' 

■■oaMaaaaaMaaaaaaaaaaaai 
■laBaaaaaaaaaaaMBMaaaaaai 

■  I'.BaaaaaMaaaaaaaaBMaaaBaaaaaaaaaaaaaaaaa. 
a  iBaaaaaMaaaaaaMaMMMaaaMaaaaaaaaMaa  iMaaaaaMaaaaaaMaa ■■■■■■■■■■  ■■■■■Maaa ■■■■■■■■■■ 
9  BBaaaaaaaaaaaaaaMaMaaMMaaaMaaMMaaa  BMMaaaaaaaaaMaaaaaaaaaaaaaaaaaaMaaaaaaaaaaaaaa 
l■BB■■■■■M■M■••aMa■MM•M■■•M■■■■■■■■■l  ■■■■■■■■■■■MaaMaaaaaaaaaaMaaaaaaMaaa ■■■■■■■■■■ 
MaaaaaaaaaaMMMaMaMaaaaaaaaaaaaaaaaaaat’aaaaaaaaaaaaBaaaaaaaaaaaaaaaMaaaaBMaaaaai 

« IB  ■■■■■■■■■■  ■■■■■MaMaMaaaaaaaMaaaaaMMaaaaaaaaaaaaaMaat — — - — .... 

-  iBaaaMaMaaMaaaaaaa - 

BBBaaMaaMaaaaaMaaaa _  _ 

a  iBaaaaaaaaaaaaaaaaaaaBMMMaaMaMaafMi  <iBaaaaMaaaBMi 


laaaai  BaaaaaaaaaMaaaMaMaaaaaaaaaaBaaaaBaaaa •■•■■■■■•■ 

laaaaaaaaaaaBMat  aaaaaaaaaaaMaaaaaaaaaaaaaaaaaaaaaaBaaaaaa - 

laMaaaaMaaMaai  ■■■■■■MaaaaaaaaMMaaaaaaMaaaaaaaaaaMaa 


■■■■•  1 1  ••■■■■■•■■■■■■■■■■Maaaaaa 


■■■  ■■■■■■■■■■  ■■■Maaaaa 
■■■■•MaMaMaaMaiaaaa 

_ _ _ ■■■■■■■■■■■■■  ■■■■■■■MB 

a  iBaaaMMiMaaaaaaaaaaaaaaMaBMaaaaiaMU'iaaaaMaaaaaBaaaaMaa  ■■■■■■■■■■■■■■■■■■■■  ■■■■■■■■■■ 
■■■■■■■■■■■■■■•■■■■■■■■■■■MaaaMaaaaaaaaofMaaaaaaaaBaaMaBaaaBaaaBaaM  ■■■■■■■■■■  ■■■■■■■■■■ 
■■■■■■■■■■■■■■■■iMaaMaaBBaaaaaaMaiBaaa*iiBaaaaaaa<aaiaMaaaaaaaBMaaaBaaaMaaBaaaMBBMBBaa 
■■■■■■■MaaaaaaaMMaMaaaaaaMalaaaiaaaa  I  ••■■■■■■■■■■■■■■■MaaMaMaaaaa  ■■■■■■•■■■■■■■•■•■■■ 
■•■■■■■•■■■■■MaaaMaMaaaaaaMaiaaaMaaa  1 1  ■■■■■■■■■■  aaaaMaMa ■■■■■■■MB aaaMaaaaaaMMMaaa 
■■■■■■■■••■•■■■HaMMaMaaMaaaaaMaaMaaiaaaaaaaaaaaaaMMMaaaaaiiMMiaaiaMaaaaaaMiaaaaaa 

■■■■■■■■iaMaaaaaaaMaaaaaMaaaMaaaaaaaBaBBaaaaaaaaaaaaaMaaaaaMBMaaaaaMMaMaiaaaBBiaMil 
■■■■■■■■■■■■■■■■aaaMaaaMMaaaMaaaaMaBBBBaaaaaMaaaaaaaaaaaaaaaaaaaaM  ■■■■■■■■■■■■■■■■■■■■ 
■■■■■■■■■■■MaMBaaaaMaMMaaaMaaaaMaiBBBaaaaaaaaaaaaaaaaaaaaMaaMaaaaaaaaaaaaaaaaaaaaaaa 
■■■■■■■■■■■MBMaaaiiiiaBBaaMaiaaBaBaaat.BBaBaBaiiBaaaMaMaBaiaaaiMMMaBaaMBBMaaaaaaaMi 

■■■■■■■■•■■Maaaaaaiiiiiiwai— aaM— BaanBBiiiiMiiiiaMn^aaaaaaMiiiBiiaaiapwMaaiBiBiBiii 
■■■■■■■■■■■MMMaaaiiiaiiiaaaaaaaaMaaaittBaiiiMiaBiaMaaBaMaaaBBaaaMiiBaaiiiMaaiaMBaiiil 
■■■■■■■MMaaMaaaiMMaBMaMaaaaiiMBauf  ■■jiiMaaaaMaaaaiaMa— aiiaMiaiiaBaiiaaiBBiaaaBaa 
■■■■■■■■■■■■■■■■■■■•iaaaiMaaMMaMiiM  ii  bmF — ® - ^ - “ — * — * — ***= — **= - 1 

■■■■■■■■■■■■■■■■aaaaiaaaaaaMiaaaaaaiaMB - 


•■■■■■•■■aafaaaaiMMMaaaaaaaiiiaaaMMatiiaMia 

■■■■■■■■■■■iaaaiiiipiiaMaaaaaaiiaaaiaaBai  !■■■■■» 

■■■■■■■■■■Maaaaaaaaaaa  •■■■■■■MaaaaMii  aciBBaaai  _  __  _ 

■■■■■•■■MMaaaaaaaaaaBBMaaaaaaaaaaaaat  ■•■■aMaaaMaaaaaaaaaMaMaaaaaaaaaaaaaaaaaaaMaaaMal 
■■■■■■■■■■■MaaaiaMaaaaaaaaaaaaaaa^Mina  ■■■■■■■■■■■■■■MaBaiMaMMaaiaa  ■■■■■■■•■■  aMaaMBM  I 
■■■■■■■■■■■MaaaiaMaMaaaaaaMaaaaMaana  •■•■■■■■■■■■  NaaaaaiaiaiaaaaaaaaaaaMaaaaaaaaMaaair' 
■■■  ■■■■■■■■■■  ■■■■■MaMMaaMaMaaMawiaBa  aMaaMaiaaaMaaaiai  ■■■■■■■■■■  ■■■■MMaaaMaaaaaii 


■■■■■■MaMaaaaaaiiaaaaa 

■■■■■■■■■aMaaaaMaMiia 


■■■8a8aM888a 88888! 

■■■■■■MaMaaaaaaai 

■■■■■■■■■■■■■■■■•ai 

■■■■■■■■■■■■■I — ^ — 


S  ■■■■■■■! ■!■■■■■■■■■■■■■ 

888S888?.8;aU88S888888 


■■■■■■Maaai 


■■■■■■■■■■MMgaMB^SSMaa^aMS 

8 


■■■■■■■■■■■■■Maaaaa  ■■■■Maaai 

aaaaMaMaBMMaaaMaaMaaaaii 

■MaiiiMaMaaaMaM  ■■■■■■■■■■ 

— ■MMaaa—aMBaaaaaaaaaiaii 
■■■■■■MM  Maaaaaaaa  ■■■■■■■■■■ 
■■■MMaMaMaaaaaaaaaaaaMMT 

aS88888888 8888888888 888888888 

■■■MiiaafMaaaaaaaaaaMaMai 

■aaiMiaMMaaaBaaM  ■■■■■■■■■■ 

■MfiiMMMaBaaaiMaaaaaaaaM 
HiiiBaaia  ■■■■■Miaa  ■■■■■■Maa 

I8hIII§S!^^^:bS 


j88a8M8888SSS8888888l 

■■■■■■■■■■■■■  BMaBMijii 
■■■■■■■■■■••■  BMaBMaMl 
■■■■■MiaMMa - 


_ ’iiaaaMi 

■■’Baaaaar- 
r  iaaaaaai 
^aaaaaaaL- 

■  MaaBaBaB 


8888 


888889 


■■■■■■•■■■■■•■■■■•■■■■■•■■■■■■■•■•■•■■MaMaaaaBBa  aaaaaaaBaaBBaaBaaaBaaaaaaBaaaB 
aaBaBBBaaaBaBBaaaaaaaBBaaaBBBaaaaBaaBaBaaBaaaBasaaaBBBBBBBBBBaBBBBBaBBiaBBitp^aBB 
BBaaBaaBaaaaBBaaaBaaaaaaaBBBaBBaaaaaaaasaBaaaaaai  la •aaBBaaBBaaBBBBaBBBaaBBaiirdBBr 
■aaaBaaaaaBaaBaaBaaBBaaBaaBaaaaaBaaaaaaBaBaaaaBaua •8BaBBBaaBBaBBaBBaaBaaaBUH>BaL 
BaaaaaaBaaBaaaaBaaBaBaBBaBaaBBaBBaBaBaaBaaaBaBBaBBaBBBBBBaBBBBaaBBBaBBaaaaitaBBBB 
BaBBaaaBaaBBaaBaaBBaBBaaBBBBBaaBaBiaaaBaaaaBBaaBBBaaBBBBBaBaBaBBBBBBBBaaBBi ••■■■ 
BaaBaaiaaBBaBBaBaaBaaaflBBaBaaBaBaBaaaaaaBBBaaBBBaBaaBaaaaBBaiBBaaaaBBaiBBai.aBBBB 
BaaaaaiaBBeBaBaaaBflaflBBBBaBBBaBBaaaBaBBBaaaBBBBaBa •aBaBaaaiaiBaBaBBBaBBaBBiiBKBBB 
■aBaBaaaaaaBBaBaaBaaBBaBaBaaaaBaBaaaaaaaaBBaBaaaaaaaaaaaaBBBBaBBaBBBBBiaa  iiii  <  laaB 
aBBBaaBaaaaiBaaaBBaaBBBaaaBBBaBaaaaaaaaaaBBBBBBaBaBBBaBBBBBaaaBBaaaaaBB**  iiic:<JBaB 
BaaaaaaaaaaaaBaaaaaaflBflBaBBBBBaaBaaaaaaaaBBBaaBBaB  iaaaBP"'^B8BBiaaBBaaBi«aaiir«aaa' 
BBaaaaflaaaaBaaaBaaBa  1888888888  BaaaaaaaaBaaaBBBBBBBiaBBa.^aaBBaBBBaaBBaia»'-tiiBaaaa 
88888888888888888881888888888888888888888888888888 ■Ba8B8BBBBaaBBaBBB8BB^«aili  **888 
a888888a888aa8aB8a888BaBBBB8888B8aaaa8a8aa8BB88888Ba888-r^;>^^ZZaB88aB8l*'.>8llt««B88 

■8888888888888888888888888888888888888888888888888  BBBP  88888888888888881  888 

■8888888888888888888888888888888888888888888888888  ■88'iB8BBBi888aa88aa8B.''*8IIP'<888' 

■8888888888888888888888888888888888888888888888888  888  188888888888888881 ''.«8IK*'’ 888 

■8888888888888888888888888888888888888888888888888  888 ■888888888BB88Ba8«»«8l  ••888 
■■888888888888888888888888888888888888888888888888 aai J88BBaBBBaBBBaBaaia8ai<a8a88' 
88888888888888888888888888888888888888888888888888  IBB ■aB8a88Ba88a88aaBBB l888BaBB' 
88888888888888888888888888888888811888888888888888 881 BBaBaBaBBBaBaBBaiaaaaVBBBBBi 
BaaaaaBaBBBaBaaaaaaaBaaBaaBaaaaaaaiaaBaaBBBBaaaBBBBarBaBBBBBBBBBaBBBaiiaiaf.^Maa 
8888888888 8888888888 888888888888888888888888888888 BBt  18888888 BaaBBBaaaaBaBat'"  "8881 
88888888888888888888888888888888888888888888888888  881188888888888888888888  lnaraaBi 
88888888888888888888888888888888888888888888888888  88' iaBB8aB8aBBBaaBaBaB««-«l  ■■888' 
88888888888888888888888888888888888888888888888888  88  IBBaaBBBBBBaBaBBBBB'.  iaii«*aBBi 
88888888888888888888888888888888888888888888888888  88  IBBBBBBBBaBBaBBaaaBk.'BlisaaBBi 
88888888888888888888888888888888888888888888888888  88  iBaBBaBBaaBBaBBaBBB7‘t8lil  88881 
8888888888888888888888888888888888888888888888888818 18888888 BBaBaBaBBaiB  lai.M^aBa 

ISaaBBaaaBaaBBBaBBaaaaaaaBaaaBaaaaaaaBaaBaaiaBaBBBB 
88888888888888888188888881888888888888888888888888 
88888888888888888888888888888888888888888888888888 

,888888888888888888888888888888888888888881888 - 

888888888888888888888888888888888888888888888: _ 

88888888888888888888888888888888888888888888888888 
88888888888888888888888888888888888818888888888888 
888888888888888888888888888888888888888888888; - 

■88888888888888888888888888888888888888888888  _ 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■a888888818888888 
8888888888 ■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■88888888a888 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■a 

■■■■■■■■■■■■■■■■■88888888888888B88B8888888888888a8' 

■■■■■■■■■■ ■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■i888888888 
■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■a 

■■■■■■■■■■■■■■■■888888888888888888888888888888888B 
■■■■■■■■■■■■■■■■■■8888888a888888888888888888B8888B 
■■■■■■■■■■ ■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■a 


■■■188888888a8888a888l 

■■■■■■■■■■■■■88888888I 


8888B8888888B8888888888 


■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■a 

■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■B 
■■■■■■■■■■■■■■■■1888888888881B8888a888888888888888 

■■■■■■■■■■■■■■■i88888888B8888888B88888888888888888i 
■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■■888888B88888888a8a8 
■■■■■88888888a88a888888888888888B88a88B88888888aa8 
88888888888888888888888888888888888888888888888888 


..J88888888B88888888B 
Il8■■il■■■■■■■■■■■■8■■l 
I1888888888B888888888 
:  . 88888888B888888888 
-.■■■■■■■■■M88888888I 
.■■n88888B888888888 
r8a888888Bn888888HB 

•■■•■•■■■■•■■■■■■■B 

rBaB8888aBII88888888| 

•  ■■«B8888Bil8888888B! 
rm  1 1  ■■■■■■•l■■■■■■■■ 
'■•f'8888NBII8B88888B 

•  ■*'  ■■■■■■■l■8■■■■■■1 
'-■  ..laaBaaBiiaaBBaBBa 
»8.TU8B888Bai88888888 
■  8«il88888Btl88888B88 
^■..^■■■■•■i«8888888B 
^■•'^■■■■8Bil8  ■■■■■■■ 

.■■888888BI18888B888 
ft  ■■■■■■■W8II88888888 
(>•«■  •■•18888888888888B8 
«a8P88888B888888888 

•  8  «•(■■■■■  B888888888 
«8T*^B88888888888888 
"■  Mi8888WB888888888 

■iiiiiiiiiiiiiiiiiiiiiiiiiBBaiB' 

■■■■■■■■■■■■■■8il8888B88i...888»  '■•  «88888*888888888 
■•■■■■■■■■■■■■■■■■■■■■■ir  ft88BB>  -■■ftlM888ll  -■■■■■■■■B 
■■■■■■■■■■■■■■■■■■■■■-■■I  r*88-'  '''^■8888::r8a8888a88 
■■■■■■■■■■■■■■■■■■■■■■•.BI'-i^aBa  il«B8888B8r«888888888 
■I  ■■■■■■■■■■■■■■■■■■•••JItft '■■-  *■■■■■■l■■.■■■■■■■■■ 

■  I  H>-<888888i»-' - 

■  |.■■■■■■■■8■■B■■■B■■■•alll' •■■.*  II  *■■■■8811'  .  _ 

■ll■■■■■■■■■■■i■■B■■a■=  =  JI..' ■■■  «  I'  .'■■■■■■'(  •k>B88k888 

■l■B■■■B■■■■■■■■■a■■8•.-8ll■8■■>-  11.  ^aBBaaBii  -  ■.-'■■■■■■a 

I  <  tBaaBBBiaBB^aaaBBaa 

■  lt88B88B8888B8a88B88B*«8l  ■»  ■■■■■■■''*■'.  ■■■■■■■ 

8tl888888888i88888B88B*"'?8l.*'^888i«18888888i.'-  ■•■■■■■■8 

■II■■■■■■B■■■■■BB■E■■■■■  il'rraaa  /.■■■■■■8»<.Br«888888 

BilB888B888B888i88888Baa«liB8B88  .b8888888.i»  B  l«888888 

■  ■■■■■■■■■■■■■■■■■■■■■■■I  •■■■■it  jaaBaaBB'*  -■  •  ■''"'■■■a 

■  l■■■■■■■■■■■■■■■■■■■8■■l>8r■■■:■r■■■■■■■■•■•■  •  •1888 

■  ■■■■■■■■■■■■■■■■■■■■■■■I't  ■■■■  <ft88888r8»t8rB».*B888 

■  •■■■■■■■■■■■■■■■■■■■••'■I— •■■■  <88888k8«rf8>«H  •  *  ■■■■ 

■  i88B8888888a88888B8B88  ■■ir^888'««888B8<i’)liBB>-«Mft8888 

■  ■■■■■■■■■■•■■■■■■BBi^rar  -'"■■a  ia88B88priif  >■•>  ■■■■■■a 

■  ■■■■■■■■■■i8BB888a8BP'.«l'r .,.8888B*  «  4L  iBaa 

■  ■■■■■■■■■■■■■■8888Bt^*>i8l'8r888  ■■■■■■i  l'■B8>i.  ar -8888 

I  «■■■...■■■■■— MB88  a  188888 

■  ■■■■■■■■■■■■■■■■•■■kaaili..  <■■■  .za888«k  lJ8a8a888i _ 

■  ■■■■■■■■■■■■■■■■■■■■■■8l‘””88a  t»8888B8  l■■■■■■■■■■■ 

.  ■a8888888B888888888l888llh.''888-.*88888«'‘IB888888a888 

I  ■■■■■■■■■■■■■■■■■■■■■■8I‘ '-*■■■  ■■■■■‘riaaB888Ba88B 


I ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■B 
l88888888888B888a8888888  ■■■■■■■I - 


(■■■■■■■■■■■■■■■■■■■■■■a 


■■8888a888a8888888888888888888888i 888888 ■aaiaaaaaa 
88888«888888888a8888888888888888888888B8888i888888 
■■■■■■■■■■■■■■888888888888888888888888888888888888 
'■88888888888888888888a888888888888888888888888888» 


_ '■■■■188888B8888888  ■■■  ■■■■■■■■■88888888 

i8B888888888iii88888888i  888  188  88888888888888888 

■■■■•■■■■■■■■■aBBa 
■■8B88f ■■■■■88888 


•■■■■■■■■B ■■■■■■■■■■■■■■ 
■■■■■■■■■■■■■■■■■■■88888 
•■■ii888888888888B8B88i8 
tB8Bi8888888888B888888i8l 


•  88 


■  88’ 


8888 


■aii 


■88888 


■■88888888  8f.88888888888888888888888888888888a8888l  8B88888888I _ 

■■■88888888J8888888888888888888888888888888888888a88888888888BB88a88888888 
■■«8■88■■•^8888■88■■8■8■8■■8■88■88■■88■■888■8■■■■» ■■888888888B888888888888 
■88888888««8888888888888888888888888888888888888a»88888888888B8888888f  I - 

■  ■■■■■■88M88888a8888888i888888888888888888888888i 8a8888888888888BB888i _ 

888888888488888888888a88i88888888888888a888888888l 88BB8B8Ba888i8B8BBBB88BB 

■  ■asaaaai.  •8888888888888888888888888888888888888881 ■■8B88BBBB8Bi8aBaiB88BBB 
■■8aa888U«8aa88aaa8aaasaB8aa88BB8Baa88888888B88aBI ■B88aBB8B8888BBB88BBBBBB 
■8888888  « l8a8aaa8aa88ia88aaa88lB8BB88a88a888888a8l  ■8aa88aBB88BBBBB8BB88BBB 
■8888881'- •8888888888 ■8888888888888888188 8888a8aB8li8aB8BBB8Bi8BB8iBBBB88BBB 
■■88Ba8B8a8aaaaaBaa88aaa8aia8B888a8B8iaa8aa8888B8tlB8iBB88B8i8BB8BBBBi8888B 

■•88888k8«88a888888888888888888888888888888888a88M888888i888B88888888888B8 

■  ••■■■••■«888888888888888888888888888888888888888  i■■■■8■■■■■■■■■■■■■■■■■■■ 

■  ■■■■■■■■■■■■■888888888i88888a888i888888888888888  l8888888888888888888888B8r 

■  ■881888888888888888888i8888888888888888888888888  ■■■■■■■■■■■■■■■■■■■■■■■■■L 
■■■■i88888888888888888888888888888888888888888888l888888888888888B8BB8B88AB 

■■■■■■■■■■■■■■■■a8a888888888888888888888888888a8ai888888888888888888888888r 
■888888888881888888888888888888888888888888888888 •■8B88aBB88BBaB888B888B8ai 
- ^i8aaa8aB8a8Ba8BB88a88B88888B88aaBaB88«8BBiBB8BB< - 


■88888888881 


_ 818888888888888888888888888888888888888 •8BBiBB8BB88BB8BB18a88BBI 

■■888888888i8888888888888888888a88888888888888888 ■■■■■■■■■■■ ■■■■■■■■■■■■BL 
■888888888888881888888888881888888888888888888888 •8BB88BB8BB88BBaB8BB8888B 
■■Baaaaaaaasaaiiaaaa aa8aa8ii88B888888888 888888888 •■■a8888B888B8888BBB88B88 

8888888888 8888888888 8888888888 8888888888 88888888B  ■888888 888 8 8888888888 8P~'~ 

■■■■■■■■■888888888888a88888feM8E8888888888888888IB8888888888888888B8888L _ 

■■■■■■■■■a ■■■■■■■■■■■■■■■■■■■■■■■■■■■88BB88BaB88B ■■■■■■■■■■■ ■■■■■■■■■■■■■B 

■■■■■■■■ii881888888888888i88i888i888888888888888f ■■■■■■■■■■■ ■■■8a888888888l 

■■■888888i88i888888888888i88i8B88888888888888818i - 

888888888888888i888888888888888888888888888888i8l . 

■  ■■■88888888888i8888888888888B888888888888888B88>  8 

■  ■888888888888888888888888888888888888B888888I - 

■■■■■■■■■■ ■■888888888888888888888888a888 ■■8881 
- ■■■■■■■8888888888888888888881 

- 8888888888888888888888888888888llsa888888888BB88888B8888a8 

■■888888888888888888888888888B888888888888888888II888888B888B ■■■■■■■■■■■■■■ 

■■■■■■■888888888888888888i8B88888888888888888888li8fl888888B8888888B88B8888a 

■■■■■■■■■■■■■■■■■■■■■■■■aBBB8888888BB88B8B88a88BllBBB8BBB8aBBB8BBBBB8BBB88B 

■88888888888888888888888K8888888888888888888888II888888888888888B88B888888 

■■■■88a8888i88888888888888888888U888888888888888'l8888888B88888888888B88888 

■  ■■■■■■■■■■■■■■■■■88888888888B888888888i88888888  •■■■■■■■8B88888888B8888888I 
■■■■■■■■■■■■■■■■■i8888888i8888888888888888888888 18 ■■■■■■■■■■■■■■■■■■8BB8BBI 


i ■■■888888888888B888B88888 
_ • ■■■■88888888888i888B888ia 

■■■■• ■I88888888BB88888888888K 
■888I ■•■■■■■■■■■■■■■■■■■881888 
8888I  ■■■■■■■■■■■■■■■888888i888 


■  ■■88888888ii88888888i#i888888888ii888888C*'~":  ■88888r«8B888B8888888l 

■■■■■88888B8i888Biia8iii88ai88B888aB88888888888aB8BBBr,B8BaB8B8BBB88l 
■■■■■8888a ■■88i8888Bi88i8iBiiB88888B88888888B8B88BBB8k* ■■■■■■■■■■■■81 

“888888888 BBiiiiaiia 8888888888 88888888888888li888Bi - - - 

■■■iiB8B8Blii«»*W88g^B8i8iB8gM88888B88888i888Bi 


188  ■■881 
88  8888 
888888 


■  888iJh.88888U88i888888888 


- [■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■‘■■■■■■■■■■■■■•■■■■■■I 

■■■■■■■■■■■■■888888BB8888BB88BB88888888888888888B8BBi<BBB8BBBB8BB88BBBa88B 

- ^■■■88i88888888888888888888888888888aii88888888'48888888888888iB888888 

- a - - - -a - ■8888888888888 


■8888888888888888888888888881 _ _ 

■88aB888a88ia88BaB8a 8888888818 8888888888 iil 
- 8888 8888888888881 


1888  81 
1888881 


>888 

1888 

'888 


■B888M888aBB88a88 


188888888888888888 
l■■■8■8■8■B■■8l  ■■■ 
■■■■■■■■■■■■BbaBB 
■■■8B8BB888888888 


■■■■■■■■■■■■■■■B-, 
I8888B88  ■■■88B8888 

l■8■■■8■8■8■■■■■■■l 

■88B8888888888888I 

■■■■■■■■■■■■■■■■■I 

■Ba88888888888888 

~li888BB8B88BB8888l 

l■■a■88■■8■■a■■■■ 


8818888 


J8B8B888aBBa88888| 
ja8B88B888aaBa8888 
88888888 ■aBBBBaaBil 
“18888888888888888 

i 888888888888888 1 
■■■■■■■■■B88888 
■■■■■■■■■■■■■■■■■ 
~8888888888888888l 
■■■■■■■■■■■■■■■■I 


■88  888 _ . 

888  8888818888888888888881 
-  ■■■■■i888888888888888l 

_ 18  ■■■1988888 ■■■■■■■■■■  I 

■8888 ■■■■■■■■■■ ■■■■■■■■■■  I 
■■■■■■■■■■■■■■■■■■■■■■■■■I 


l■■■■■■■■■■■■■■■ ■■■■■■■■■■  I 
iBaaBB  ■■■■■■■■■■  ■■■■■■■■■■I 

I888i888888888888888888888l 

l■■■■■  ■■■■■■■■■■  ■■■■■■■■■■I 
- IBB ■■■■■■■■■■■■■■■■■■■■I 


l■■■8■■■■■■■■■■■■■■■■■■■a■l 

l■■■■■■■■■■■■■■■■■■■■■■■■■l 

l■■■88  ■■■■■■■■■■  ■■■■■■■■■■I 
l■■■■■■■■■■■■■■■■■■■■8■■■8l 
■■■■a ■■■■■88888 ■■■■■■■■■il 
■■■■a ■■■■■■■■■■■■■■■■■■■I  I 
l■■■■■■■■■l■■■■■■■■■■8■■■8l 
l■■■■■■■■■i■■■■■8■■■■■■■■8l 
■■■■a ■■■■■■■■■■ ■■■■■88888 1 
l■■■■■ ■■■■■■■■■■■■■■■■■■■a  I 
]■■■■■  ■■•■■■8i88888888888Bl 

l■■■■8 ■■■■■■■■■■ ■■■B888888 1 

■■■■■ ■■■■■■■asB ■laiaiBBaa  I 
■■■■■  ■■■■■■■88888888H888 1 
- - l■■■■■■■■■■■■■8l 


l■8■■S■888S8S8■U88■■i■■■■| 

■■■■a  ■■■18888iM888888888 1 


- 1■■■■■8  ■■■■■■■■■■  I 

(■■■■■■■■■■■BBiail 

•■■■■■■■■■■■■■■■I 


8888888i|8888U:8888:8::: 

■■■■■■■Maaaiii  ■■■■■■■■■■ 


■■'■■■■■■a 

■■laur'Biia 

■OailL.BBBi 

■■■rBVBBBi _ 

BBBI.aa  BBBBB'I 


BflBaaBflBBBBBBBBaaB ■ 


aaaaaBBaaBBaaaflaaB ■aBBBBaaBBa 


flBlfBaBaBBBMBBBBaa 
aaiiaaBBBiiaaaaBaaa 
BBBaaaaaiiBfiBBaaai 
BBiiaaaBaiiB  iiaaBBaBa 
aa'i*  aBaBiiBiiaaaaaa 
7  ■a>.'.  aaaBiiBiiBBaaaa 
■aiiaaaBaMaaaaBaBB 


a  itirtia 
-.ana..ai 

'BMaaBB'  ~ 


anfr<«Bv.aataBBaBaiianaaaaaa 


aaaaaaBaaBaBaBBBBBaBBBaBBBBaaBaBaaBBBBaaBBBBaaBBBBiiaBBBaBflBaaaaBBaB 
aaBaaBaaBBBBaaaBBaaaaBaaaaBBBaaBaBBaaBaBBBaaiBBBaiiiBBBBBBBBaaaaaBBB 
aaaaaaBBBBBBBBBBiiBBaaaBaBaBBBaaaBaBBBBBBaBaBBBaaaBBBBaaBflaBBBBaaaBaB 
aaaaaaaaaBBaBBBBaBaBBBBaBBaBBBBBBaaaBaBaBaBaaBBBBBBBBBaBBBBaBaBBlBaa 
aaBaaaBBaBBBBBaaaB aBBBaBBBBaaBBBBBaBaaaBaBaaaBBBBBaBaaBBBaaaaaBBiBaB 
aaaaaBaBBBBaaaaaaBaaBaaaBBBaaaaBBBaaaBBBBBBBBBBBBBBBaaBBBBaBBaBBaBBa 
BaBaaBaBBBBBaBaaBaBBBaaBBBBaBBaaaBBBaBBBaaaBaaBBBBBaBBBaBBaaaaaaBaBa 
— aaaaBBflBBBaBBBBBBBaaBBBaBBaaBBaBBBBBaaaaaBBaBBaBaaBBBBBBaaBaBBaaaa 


'  BBBBtlBaaBBBaB 


raBaBiiaaaflaaaa 


.  BaaaiiaaaaaBaa 

_ .'BBBaiiaiiaaaaaa 

■au.  ..aaaBiiaiiaaaaBB 
~  ~i  ••  aaaaiiaaaaaaaa 
r^^aaaaiiaaaaiaaa 
Lrhaaaaifaaaaaaaa 
•a'lBaiiaaaaaaaB 
iiBk  jaaiiBiiaaaaaa 
laan.^aaiiaiiaaBBaa 
aar««.  ^aaBiiaaaaBaaa 


aaaiiaaaaa 
aaaiiaaai  • 

"11. k  ^aa. 

BB  ■^•■al  1 

inai  at— 

ipii  II  ■  aBB 
.1  auBsaBB 
i^IMpbBBI 
m  ■Bill  aai.i 

jsbmb*  ana  jaaaaaaaiiBBaBaaaa 

aaaiiaiai.' - - 

Baa»>'<*at.a 
BB  iiiiaai  I 

IBUmBII 


•  IK 


-■.BlIBBBtit  ^ 

•  .Biiaiii .  ■ 

-  ~  .Bi  Bi..a 

.  _..-jBBnB_ 
ii’~''ar^BBi 


ana 


ai.?i 


ai— ^ai.; 
aiiatai' ' 
■III  ■  ar, 

■IIP 


'.■BitajaaaiiBtiaaaaaB 
^aaaatiBtiaaaaaa 
^aaaaii-tiaaaaaa 
•  aaBBii'iiaaaaaa 
.'aaaaKBiiaaaaaa 


I aaaaii*  uriaaaa 
l•■*'■aal(••'>-4aaaB 
ita  «Baaii*i  aaaaBa 
■I  ^aaaiiatiajaaaa 
.*aaBBi.«iiPBBaaa 
..aaaauatiaaaaaa 
iiaaaaarrf  fr— la 
laaaaaBK^t  -Bk'ai  la 
iaaaBaauaiiaar>  ■a 
laaaaaaaaii'^avtjtia 

laaaaaaayiiMaaaaa 
laaaa  aiiaa  i.. .  jaaca 

'‘~"‘'~'~‘Btia«tip  i.ia*  a 


Bi.aaaaai 


p ii'^aai  .aaaai 


iiipaai:: 

■i.-'.ai— a 
iiip  .aii-.a 

-  ^tai  -■ 
p>ai 

•B^«a«i.  a 

-  -  .«ai  #■ 


a7.iri=tir  '■a.Ba 
M;.iaaiik:Bnaaa 


iaaaaiiii*"i'a*ii  .  _ 

laaaaBrtaaiiaaaaaa 
laaaa-’iaaaaaaaaa 
laaaa^  .laaaaaaaaa 
laaaa^  laaaaaaaaai 
laaaa  maaaaaai — 


aaaaaaaaaaaaaaaaa 


aaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaa 


aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
aaaav  aaaaaaaaaaaaaaaa 
aaaa  aaaaaaaaaaaaaaaa 
aaaa  aaaaaaaaaaaaaaaaa 
aaa>  aaaaaaaaaaaaaaaaa 


r.aaaaaaaaaaaiaaaaaa 
■t<  jaBaaaaaaaaBaaaaaaa 
ai aaaaaaaaaaaaaaaaaaa 
■'  laaaaaaaBaaaaaaaaaaa 
aiiaaaaaaaaaaaaaaaaaaa 
tnaaaaaaaaaaaaaaaaaaa 
~<*aaBaaaaaaaaaaBaaaaa 
''BBaaaaaaaaaaaaaaaaa 


laaaaaaaaaaBaaaaaBaB 

akiiaaaaaaaaaaaaaaaaaa 


anaaaaaaaaaaaaaaaaaaa 
anaa aaaaaaaaaaaaaaaaa 
■aaa aaaaaaaaaaaaaaaaa 


aaaaaaaaaaaaaaaaaaaaa 

aaBBaaaaaaaaaaBaaaaaa 

BaaaaaaBBaaaBaBaaaaBB 

aaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaBaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaa 


aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
BaaaaBaaaaaBaaaBaaaaa 
aaBaaaaaBBaaaaaaBaaB~ 
aaaaaaaaaaBBaaaaaasa 
aaaaaaBBaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
aaaaaaBaaaaaaaaBaaaaa 
aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaBBaaaaaaaaaaB 
aaaaaaaaaaaaaaaaaaaaa 
aaaaaa - 


aaBaaaaBBaaaai •BaBBaaBBBaBBBBaaaaBBaaaBaaaaaaaaaBBaaaaaBBaBBBai 
BaaaaaaBBBaaa'  laBB aaaBBaaaaBBaaaaaBBaBaBaBaaaaBaaaaaaaaBaaaaaaf 
aaaaaaBBBBBaa  aaaa ■BaBaaBaaBaaaBBBBBaaaaBBaBBBBaaaaaaaBBaaBBaai 
aBBBar'..iaBBaa  iBaaaBBaaBBaBaaaBBBBaaaBaBaaaBBBaaaaaaaBBBaaaaBaBi 
aaaBBi  "laBBar  iBaBBaBaBBBBBaaBBBBaBBBBBBaBaaaaBBBBaaaaaanaaaaai 
BaBBaaaBBaBa' .  iBaaa  aaBaBBaaBaai 
aaaaBar*-p>‘  /aaii — ““ — — - 


aaaaBar*"**^  /aaBaaaaBaBaaiaBBaaaBBBaaaaBBaaBBBBBaBBBBBBBBBaBaai 
BBBBBBBBBaa^i aaaaaaaaaiaaBaaaaaBBBBBaB aBBBBaaBBa aBBBBBBBBBBBBBi 
BBaaaaaBBBaa'iaBBBBaaBBBaBaBBaaaaBBaBBaBBBaaaBBBBBasaiBaaBBBaBai 

mw  BaBBBB  BBaBaBa  - - * - 


BaBaaBaaBBaBBaaBBB aaaaapaaaaaaaaaaaBaaaaaaaaaBBaaaaaaaBaaaaaaBi 
saaBBBP'SBBaaaaaBBa  •aaaaiiaaBBaBaBB^MBBBaaaaBaBBBBaaaaaBaBaaaaai 
BaBBaL«aBaaBaBBBaa ■aaaaaBaaBBBBaaaBBBBBaaaMaaBaBaaaBBaBaaaBBai 

BaaaBBBBBaBBaBaaBaBaaBBaBaBBaBBBaBBaBBaBBBBBBaBBaSaaBaBBBBaBaBi 


aaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaaaaaaBaaaaaaa 

BaaBBaaaaaBBaBaaaaaaa 

aaaaaaaaaaaaaBaaaaaaa 

aaaaaaaaaBBaaBBaaaaaa 

aaaaaaBBBaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaa 

aaaaaaBaaaaaaaaaaBBaa 

aaaaaaaaBBBBaaaaaaaaa 

BaaaaaaaaBaaBBaaaaaaa 

BaBBaBaaaaBaBBaaaBBaa 

BaaaaaaaBaBaBBaaaaaaa 

aaaBBaBBaBBaaaaaaaaaa 

BBBaBBaBBaaaBBaaaaaaa 

BaaBBBaBaaaaBBBaaaBaa 

BaBBaaaBBBaaBBaaaaBBa 

BBBaBBBaaaaaaaaaaaaaa 


^BB  BSBBaBaaBaaBBBaaBBBBa^naiBBBaBBBBBl 

aaaBaaaaBBBBBaaBaaaaaBafc.«aaaaBBBBBBBBaaBaaBaaBBBiBBBBiBBBi 
BaBBaaaBBaBBaBaaaa  aBaaaap  ■aaaaaaaaaiiBaaaaaaaaBaiBBBBiMai 


aaaBaBaBBaBBBaaBBa aaaaaa ♦aBaaaBBBBaBBaaBBBBBiiBaaBaBBiiBiii 
BaaBBBBBBaBaBaiaaa aaaaaaaaBaaaaBBBBBaaaBBiBBBBBaaBaaBBBBaBi 
aaaaBBBaaBaaaBaaaa aaaBBi  = laaBaBaBaaaBBBaBiBBBiiBiBaaBHiBii 
aaaaBBaaaBaBBaBBBaaBBBaaaaaaBBaiBaBaBBBBBiBBaaiaBBBBBiiaBai 
BaBBBBBBBBaBaaaaBaaBBBBBiiaaBBaBBBaaaaBaBaaaajBigaBi - 


BaaBaBaaaaBBaaaaaaaaaaraaBaBaaaaaaBBaaaaBBBBBBBBBaBiaBBBBBiaBBi 
BBaaBaBaBBaaaBBBaa BaaBaBBaaaBaaaaaaaBaBaBaiBaBaBaaaaaaaaaiBBBi 

aaaaaaBBaaaaaaBBBa BajBaBaBaiaaBBaaBBaaaBaBaaaaaBaBBaaaaaBaBaBi 
aaaaBBBBBBBaaaaaia  r  laaaaaaaiaaBaBBBBaBBBaiBBBBBBaBBBBBBBiBBBai 
aaaaBaaaaaBaBBaaaB  ^aaaaBBaaaBBaaBBBBiaiiBBMBBBaBBiaaBBBBaaBai 


BaBBBaBaaaaBBBaaaBBBBaBaaBiBBBBBBaBaaaiBaBaaaBBi 


aaBBaBBaaaaa 

aaaBBaaaaaBB 

BaBaaBBBBBaa 


BBaBBai.aaaaaBBBaBBaaBBaaaaBBaBBaai 
aaBBB ■aBBaaaaBaaaaaaBaaBBaBBiaaBai 
BaBBBBBaBaBaBaaBaaBaBaaaaBBaaaaaBi 


Sa  aaaaSlBSBa 888! 

"1»8«SIS888SI 


Eline  “  U.UU  BANF  x  10”®  volts. 

The  triggering  and  ratcheting  do  not  occur  when  ■ttie  core  is  carried 
well  into  saturation  by  the  gate  voltage  alone.  In  addition,  this 
circuit  uses  a  ll5-volt  gate  driving  voltage  whereas  the  full -wave 
center-tap  circuit  used  only  12  volts.  The  higher  voltage  will, 
of  course,  mask  the  relatively  small  diode  knee  voltage  effects 
and  the  cores  are  still  cycled  completely  into  position  saturation 
by  the  gate  voltage,  regardless  of  the  knee  voltage  drop.  It 
should  mentioned  again  that  for  all  forward  conditions  the 
reset  and  gate  diodes  are  shunted  by  200K  ohms  to  simulate  maximum 
effect  of  reverse  diode  current  change  due  to  radiation.  The 
curves  are  the  total  effect,  as  was  previously  pointed  out. 

2.  Effects  on  This  Circuit  of  the  Diode  Changes  of  Figure  lA 
The  effect  of  all  four  degrees  of  the  diode  of  Figure  lA  are 
recorded  in  Figure  31,  since  no  large  charges  are  involved  to 
confuse  the  multiple  plot.  There  is  an  extraneous  curve  on  this 
figure  which  should  be  ignored.  Ihe  right-hand  end  of  the  set 
shows  clearly  the  effects  of  increasing  diode  knee  voltage.  That 
is,  a  slight  reduction  in  maximum  output  current  as  the  knee  voltage 
increases.  This  is  merely  subtraction  of  the  diode  knee  voltage 
from  the  total  voltage  applied  to  the  series  combination  of  diode 
and  load.  No  change  in  gain  has  occurred. 

3.  Effects  on  This  Circuit  of  the  Diode  Changes  of  Figure  1C 
Again,  this  diode  type  combines  the  increasing  conduction  - 
voltage  knee  and  decreased  forward  conductivity  as  radiation 
dosage  increases.  As  before,  the  diode-produced  effects  can  be 
superimposed.  That  is,  the  effects  produced  by  decreasing  forward 
conductivity  can  be  clearly  identified  in  a  combination  recording 
involving  both  knee  and  conductivity  changes  in  the  diode.  In 
Figure  32  the  results  are  displayed  of  combined  knee  and  conduction 
changes  in  the  diodes  of  this  circuit. 

The  major  effects  are  produced  by  the  increased  forward  diode 
resistance  reducing  maximum  output  and  gain.  The  slight  reduction 
in  gain  due  to  the  knee  voltage  is  added  to  the  larger  effect 
produced  by  the  increased  diode  forward  resistance. 


17.  CONCLUSIONS 


A.  Diodes 

The  major  effects  on  the  magnetic  amplifier  circuitrj'  are  produced  by 
changes  in  the  forward  characteristics  of  the  diodes.  The  most  serious 
forward  effect  is  the  increased  dynamic  forward  resistance,  since  it 
was  fo\md  that  the  effects  of  increased  diode  forward  knee  voltage 
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could  be  eliminated,  but  the  effects  of  an  increase  in  diode  forward 
dynamic  resistance  cannot. 

Reduction  in  diode  reverse  resistance,  at  least  down  to  2CX),000  ohms, 
produces  minor  reductions  in  pain  which  can  be  compensated  for  by: 

(1)  diode  shunts 

(2)  increased  negative  feedback 

(3)  Positive  feedback  through  reversed  diode  to  increase  gain 
as  diode  back  resistance  reduces. 

The  choice  of  200,000  ohms  as  a  minimum  reverse  resistance  is  more  than 
adequate  (see  1N338  curves.  Reference  2). 

From  these  considerations  the  diode  type  of  Figure  lA  is  the  most 
desirable  since  its  irradiation-produced  conditions  can  be  compensated 
for.  This  form  of  failure  should  be  characteristic  of  a  diffused- 
junction  rectifier  according  to  References  I;  and  3.  Recent  evidence 
may  contradict  this  assumption. 

Second  choice  would  be  the  diode  of  the  t;  ne  if  Figure  IB  which  is 
supposed  to  be  characteristic  of  a  true  alloy- junction  device.  The 
total  output  voltage  lost  across  the  diode  will  be  less  if  the  knee 
voltage  does  not  increase  as  the  foi*ward  dynamic  resistance  increases. 

T;;  pe  Ic  would  be  the  least  desirable  choice  of  the  three  type  considered 
for  reasons  detailed  already/. 

Circuits 

The  present  design  of  the  full -wave,  center-tap  matnetic  amplifier 
circuit  is  unsuitable.  All  the  most  serious  effects  can  be  traced  to 
a  reduction  in  applied  gate  voltage  below  saturation  level  with 
resultant  ratcheting  and  triggering.  Modification  of  this  circuit  can 
give  greatly  imoroved  operation  in  the  face  of  large  diode  changes  with 
no  evidence  of  bistable  triggering.  Details  of  this  modification  and 
display  of  results  are  contained  in  the  Appendix.  The  essence  of  the 
change  is  to  operate  the  cores  at 

Eline  =  2  {h.hk  BANF  x  lO"®)  volts. 

This  modification  allows  full  use  of  the  diodes  simulated  here  to  the 
maximum  forward  changes  shown  and  beyond,  thereby  increasing  the 
radiation  life  of  the  magnetic  amplifier.  High  gate  voltage  is 
desirable  to  reduce  the  effects  of  diode  knee  voltage  and  forward 
dynamic  resistance  changes  as  v;as  shown  in  section  III-B.  Higher  gate 
voltages  will  allow  use  of  the  diodes  long  after  they  have  exceeded 
changes  shoim  in  this  report. 

Gate  voltage  in  excess  of  the  saturation  voltage  of  the  wound  core  is 
essential  to  prevent  triggering.  Wien  the  gate  voltages  are  low  but  in 
excess  of  saturation  voltage,  it  vri.ll  be  necessary  to  use  a  large 
amount  of  negative  feedback  to  stabilize  the  gain  as  considerable  gain 


change  (one-half  initial  gain)  is  involved  as  illustrated  in  the 
Appendix.  Other  means  of  gain  compensation  can  be  devised,  as 
mentioned. 

The  half-wave  amplifier  was  least  affected  because  of  the  relatively 
high  gate  voltage  employed.  Charges  simulated  here  produced  a 
reduction  in  gain  of  about  2tl.  Negative  feedback  will  again  be 
required  to  stabilize  the  gain. 

Although  it  is  not  possible  to  generalize  the  radiation-induced  effects 
on  several  samples  of  a  single  diode  type  from  Reference  2,  it  is  of 
interest  to  predict  the  useful  life  of  a  magnetic  amplifier  constructed 
with  1N538  diodes  by  comparison  with  the  simulated  iodes.  A  1N338  plot 
from  Reference  2  was  chosen  which  did  not  have  any  unusual  effects. 

By  calculation  of  dynamic  forward  resistance  and  knee  voltage,  it  was 
possible  to  correlate  Figure  5  (curve  =  3.83  V,  Rps  =  200  K, 

Rf<j  =  200  ohms)  with  the  2  x  10l5  nvt  dosage  plot  of  this  diode.  One 
may  tous  predict  that  the  half-wave  amplifier  would  operate  satisfactor¬ 
ily  to  this  dosage  with  minor  changes  when  constructed  with  1N538 
diodes.  The  modified  center-tap  amplifier  described  in  the  Appendix 
would  likewise  be  useful  to  this  dose.  Both  would  require  some  gain 
compensation.  Further  predictions  can  be  made  in  the  same  manner. 


-143- 


APPENDIX 


Modification  of  Original  Fall -Wave,  Center-Tap 
Magnetic  Amplifier  to  Eliminate  Triggering 

The  extreme  amount  of  triggering  displayed  in  some  of  the  previous 
recordings  would,  of  course,  be  disastrous  in  a  reactor  control  or  other 
systems  employing  this  amplifier.  Assume  for  a  moment  an  error  amplifier 
application.  The  an^ilifier  would  receive  a  large,  unbalanced  input  when  a 
perturbation  was  introduced.  The  amplifier  would  be  driven  into  cutoff 
on  one  side.  As  the  servo  system  acted  to  reduce  the  error  to  null,  the 
side  of  the  amplifier  which  had  been  cut  off  would  receive  increasing 
tum-on  control  current.  It  is  at  this  point  that  the  multiple  triggering 
would  take  place .  The  output  would  suddenly  jump  to  a  new  lower  output 
current.  The  system  would  try  to  correct  for  this  by  causing  a  fast 
reduction  in  the  controlled  variable  and,  consequently,  the  feedback 
signal.  This,  in  the  case  of  a  large  inertia  load,  would  be  hard  on 
bearings  and  actuator  and,  in  the  case  of  a  nuclear  reactor  control,  could 
cause  a  jump  in  flux  level  and  possibly  initiate  safety  action. 

At  any  rate,  this  action  continued  would  certainly  be  detrimental  to  the 
act\iators.  If  the  bistable  jump  were  such  as  to  change  polarity  of  the 
output  without  changing  polarity  of  the  input,  the  system  would  enter  a 
limit  cycle  oscillation.  Such  a  jump  can  be  seen  in  Figure  21. 

At  this  particular  amplifier  is  to  be  used  in  a  nuclear  reactor  control 
the  triggering  cannot  be  tolerated.  An  investigation  was  made  of  the 
effects  of  increasing  the  gate  voltage  on  this  amplifier.  The  increasing 
severity  of  triggering  as  radiation  progresses  and  the  clean  operation  of 
the  higher  voltage  half-wave  amplifier  lead  to  the  possibility  of  eliminat¬ 
ing  triggering  in  this  particular  set  of  conditions.  The  applied  a-c 
driving  voltage  was  increased  from  13.5  volts  (just  at  saturation)  to 
27  volts  (twice  saturation  voltage).  Saturation  voltage  is  determined  by 

Eg  -  U.iiU  BANF  X  10-®  RMS  volts 

for  a  sinusoidal  driving  voltage  waveform.  It  was  necessary  to  alter  the 
bias  circuit  values  and  the  satura ting-regulating  transformer  with  its 
attendant  large  power  dissipating  resistor  was  no  longer  found  to  be 
necessary.  The  results  are  recorded  in  Figures  33  to  38.  The  transfer 
characteristics  for  the  original  and  modified  amplifier  for  each  of  three 
forms  of  diode  radiation-induced  failure  are  shown.  The  most  severe 
effect  in  each  case  is  used.  The  initial  transfer  characteristics  without 
diode  modification  are  shown  superimposed  on  the  recordings  of  the  diode- 
produced  changes. 

In  Figure  33  the  effect  of  a  knee  voltage  increase  of  3*85  volts  (diode 
type  A,  Figure  1)  on  the  original  circuit  is  recorded  for  comparison.  The 
results  are  easily  compared  with  the  original  transfer  characteristic 
Included  on  the  same  recording.  The  characteristic  of  the  modified 
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amplifier,  incorporating  the  same  diode  changes,  is  shown  in  Figure  3U. 

The  change  is  striking.  No  evidence  of  any  bistable  action  is  apparent. 
Notice  that  the  maximum  output  of  Figure  3U-A  is  twice  that  of  figure  33-A, 
an  attendant  advantage  of  the  higher  voltage  operation.  These  curves  are 
all  recorded  to  the  same  scale.  The  zero  offset  has  not  yet  been 
explained,  but  could  be  due  to  differences  in  battery  voltages.  The  gain 
is  reduced  by  the  subtraction  of  the  knee  voltage  of  3*85  volts  from  the 
after-saturation  voltage ,  As  before,  a  slight  reduction  in  gain  occurs 
with  the  200K  diode  shunting  resistors  applied.  In  Figure  35  the  effect 
on  this  circuit  of  the  most  severe  change  of  the  diode  of  Figure  1-C  is 
recorded  with  the  original  unmodified  transfer  characteristic.  The  200-ohm 
series  resistors  have  reduced  the  maximum  output  current  and  gain  over 
Figure  33  as  previously  explained.  Figure  36B  records  the  same  diode 
conditions  in  the  modified  circuit.  The  gain  and  maximum  are  reduced  over 
that  in  Figure  3UB,  but  no  bistable  action  exists. 

Only  the  series  200-ohm  resistors  are  incorporated  in  the  circuit  for 
Figures  37  and  38}  representing  the  most  severe  case  of  the  diode  failure 
type  in  Figure  IB.  Here  only  a  slight  amount  of  triggering  is  noticeable 
in  Figure  37B,  the  original  circuit,  none  in  Figure  37B.  Bj  comparison  of 
Figures  36B  and  38B,  it  is  easily  seen  that  the  major  effects  are  produced 
by  the  incorporation  of  a  series  resistor  representing  a  gross  chan-e  in 
diode  forward  conductivitj".  This  was  previously  concluded.  It  is  apparent 
that  by  using  sufficient  negative  feedback  to  stabilize  the  gain,  the 
modified  amplifier  can  be  made  to  operate  satisfactorily  well  beyond  the 
radiation  dosage  which  had  previously  rendered  the  amplifier  completely 
useless.  This  modification  should  be  incorporated  in  all  future  designs. 
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GAMMA  RADIATION  EFFECTS  IN  SILICON  SOLAR  CELLS 

G.  Enslow,  F.  Junga,  W.  W.  Happ 

Lockheed  Aircraft  Corporation 
Missile  Systems  Division 

Ten  silicon  solar  cells  were  irradiated  by  a  lOO-crrie  Co  ^  gamma 

7 

ray  source  to  a  dose  of  10  r.  In-situ  measurements  of  the  open- 
circuit  voltage  and  short-circuit  current  were  obtained.  Calcu¬ 
lations  to  predict  the  performance  of  silicon  solar  cells  under 
irradiation  were  made  on  the  basis  of  known  properties  of  silicon 
and  on  the  basis  of  models  of  radiation  damage  in  solids.  Calcu¬ 
lated  and  experimental  results  were  compared.  The  electrical 
characteristics  of  the  solar  cells  were  measured  as  a  function  of 
temperature  before  and  after  irradiation.  The  performance  of  a 
silicon  solar  cell  power  supply  in  radiation  fields  is  discussed. 


1.  INTRODUCTION 

1.1  SILICON  SOLAR  CELLS  -  The  silicon  solar  cell  converts  visible  and 
infrared  radiation  into  electrical  energy  by  means  of  the  photovoltaic  effect 
in  a  p-n  junction.  The  device  consists  of  a  wafer  of  n-type  silicon,  typi¬ 
cally  of  dimensions  1  cm  x  2  cm  x  .05  cm.  A  p-type  impurity,  usually  boron, 
is  diffused  into  this  wafer  to  a  depth  of  about  1  micron,  producing  a  p-n 
jvinction  parallel  to  the  surface.  The  boron  concentration  at  the  surface 

is  of  the  order  of  10  atoms/cra^,  but  may  account  for  as  much  as  30  percent 
of  the  material  at  the  surface.  The  impurity  concentration  in  the  n-type 

15  3 

material,  usually  arsenic,  is  of  the  order  of  10  atoms/cm  - 

1.2  PHOTOEFFECT  IN  A  P-N  JUNCTION  -  When  a  p-n  junction  is  illuminated 
over  an  area  considerably  wider  than  the  jxznctlon  Itself ,  a  one  hole-electron 


1 


IMSD-5137 


pair  may  be  generated  for  each  absorbed  quantiam  if  the  quantum  energy  of  the 
light  is  larger  than  the  energy  gap  between  the  valence  band  and  the  con¬ 
duction  band.  The  theory  underlying  these  effects  and  the  resultant  circuit 
performance  are  summarized  by  A.  van  der  Ziel  (1957),  Hunter  (1956)  and 
others.  For  the  convenience  of  the  worker  interested  primarily  in  radiation 
damage  problems,  the  terminology  and  performance  characteristics  of  solar 
cells  will  now  be  briefly  reviewed. 

Fig.  1-1  shows  a  schematic  diagram  of  a  p-n  junction.  In  this  figure 
w  is  the  width  of  the  transition  region  from  p-type  to  n-type  silicon  sur¬ 
rounding  the  junction.  The  extent  of  diffusion  of  minority  carriers  from 

the  p-n  junction  is  L  and  L  . 

p  n 

The  effective  width  of  the  photosensitive  region  surrounding  the  junc¬ 
tion  can  be  shown  to  be  the  sum  of  w,  L  and  L  :  hence,  the  photocurrent 

p  n 

I  will  be: 

P 

I  =  e  n(w  +  L  +  L  )  (l-l) 

p  p  n'  '  ' 

where ; 

e  =  the  electronic  charge 

n  =  the  number  of  hole-electron  pairs  generated  per  unit  length 
per  unit  time. 

This  device  may  be  used  in  either  of  two  ways: 

a.  The  junction  may  be  biased  in  the  reverse  direction  so  that  the 
whole  current  Ip  is  collected  and  the  cell  may  then  be  used  as  a 
photoelectric  cell  or  photodiode. 

b.  The  junction  may  be  left  unbiased  so  that  a  photovoltage  is 
developed  across  the  open-circuited  terminals.  This  photovoltaic 
effect  is  the  one  used  in  the  solar  cell. 

The  junction  in  a  solar  cell  is  parallel  to  the  surface,  and  is  usually 
obtained  by  gaseous  diffusion  of  impurities  which  provides  an  excellent  con¬ 
trol  of  surface  concentration.  Therefore,  the  effective  incident  light  is  that 
travelling  normal  to  the  surface. 

Since  I^  is  proportional  to  the  effective  surface  area,  it  is  advantageous 
to  employ  light  beams  of  large  cross  sections.  It  is  also  desirable  to  have 
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light  of  sufficient  intensity  and  appropriate  wave  length  to  match  the 
spectral  response  of  the  cell  as  discussed  by  Browne,  Francis,  and  Enslow 

(1958). 

Consider  now  the  characteristics  of  the  p-n  junction  under  the  influ¬ 
ence  of  light.  Application  of  a  bias  voltage  to  the  device  through  a 
load  resistance  R,  results  in  the  appearance  of  a  voltage  V  across  the 
cell.  The  characteristic  of  the  device  in  the  absence  of  light  is  then: 

I  =  -  [exp  (V/V^)  -  1]  (1-2) 

where : 

I  =  the  current  in  the  load 

=  the  current  traversing  the  junction 
=  kT/e  (about  25  millivolts  at  room  temperature) 

T  =  the  absolute  temperature 
k  =  Boltzmann's  constant 
e  =  the  electronic  charge 

When  the  cell  is  illuminated,  we  have: 

I  =  Ip  -  [e^  (V/V^)  -  1]  (1-3) 

where  is  proportional  to  the  light  intensity. 

1.3  PHOTOVOLTAIC  EFFECT  -  When  the  cell  is  used  as  a  photovoltaic 
cell,  the  open  circuit  voltage  follows  from  the  condition  1=0,  thus; 

I  exp  (V  /yJ  =  I  +  I  (1-4) 

o  oc'  T  o  p 

or 

''oc  =  ''t 

For  sunlight  (where  the  light  intensity  is  sufficiently  large),  1^  >  >  I^, 
and  the  open  circuit  voltage  then  becomes: 

V  ■  ''t 
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The  temperature  dependence  of  calculated  under  the  assumption  that 
all  the  current  is  carried  by  holes  is  given  by  van  der  Ziel  (1957)  asi 

T^  exp  (-  E^V^)  =  Kg  exp  (-  E^V^)  (1-7) 

where : 

E  =  gap  width  between  the  filled  band  and  the  conduction  band  in 
electron  volts 

=  kT/e  is  proportional  to  the  absolute  temperature  (about  25  milli¬ 
volts  at  room  temperature) 


m  =  electron  rest  mass 

m  =  effective  mass  of  electrons 
n 

m*  =  effective  mass  of  holes 
P 

=  electron  mobility 
=  resistivity  of  the  n  region 
A  =  area  of  cell 

D  =  diffusion  constant  of  holes  in  the  n  region 
P 

T  =  lifetime  of  holes  in  the  n  region 
P 

k  =  Boltzmann's  constant,  and 
h  =  Planck's  constant 

depends  on  temperature  in  a  way  predictable  from  the  temperature  vari¬ 
ation  of  the  quantities  p  ,  t  ,  and  D  . 

•^n'  p^  p 
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l.k  SOLAR  CELL  CHARACTERISTICS  -  Equation  (l-6)  describes  the  solar 
cell  as  a  photovoltaic  cell  operated  at  hi^  light  intensities.  The  voltage 
current  characteristic  shown  in  Fig.  1-2  follows  from  Equation  (l-5)  and 
clearly  shows  the  non-linear  response  of  this  device.  Note  that  if  the 
voltage  V  across  the  cell  is  zero,  then  the  short  circuit  current  I  is 

SC 

equal  to  the  photocurrent  I^j  that  is,  when  V  =  0 


sc 


(1-8) 


Further,  from  Equation  (1-6)  and  (l-7)  the  temperature  dependence  of  V 


oc 


can  be  shown  to  be: 
V 


oc 


=  E  -  (kT/e)  in(l  /K,T^)  =  E  +V„  in(l  /K_  yJ) 
o  ^  '  sc'  1  '  o  T  sc'  2  T 


(1-9) 


This  expression  shows  that  the  open  circuit  voltage  varies  with  temperature. 

A  typical  loadline  OB  for  a  given  value  of  R  is  shown  in  Fig.  1-2,  The 

operating  point  B(I  =  I„,  V  =  V„)  is  chosen  so  that  the  power  I^V_  delivered 

15  B  B  B 

to  the  load  is  a  maximum.  This  maximum  is  called  the  maximum  available 
power  P  of  the  device. 


P 

max; 


^VbLv 

a  a  max 


(1-10) 


If  the  solar  cell  were  an  "ideal"  p-n  junction  diode  with  the  character¬ 
istics  horizontal  for  V  <  V  and  vertical  for  V  =  V  (dashed  lines),  then 

oc  oc  ’ 

the  loadline  for  optimum  power  would  be  the  "ideal"  loadline  OA  and  the  max¬ 
imum  available  power  would  be 

P  =IV  =I  V  =JV  A  (1-11) 

max  p  oc  sc  oc  p  oc 


Where  A  is  the  junction  area  and  J  is  the  short-circuit  emission  current 

P 

density  (i.e.,  J  =  I  /A). 

P  P 

The  above  equations  show  that  the  characteristics  of  the  solar  cell 
depend  strongly  on  the  minority  carrier  lifetimes  as  pointed  out  by  Cummerow 
(1954). 
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1.5  RADIATION  EFFECTS  ON  DEVICE  PERFORMANCE  -  As  exi)lained  in  Section 

1.5,  any  change  in  the  minority  carrier  lifetime  affects  the  open-circuit 

voltage  V  and  the  short-circuit  current  I  generated  by  the  solar  cell, 
oc  sc 

Theoretical  calculations  Indicate  that  the  performance  of  the  device  is 
affected  by  a  dose  of  the  order  of  10^  roentgens  for  1.2  Mev  gamma  rays. 

Radiation  damage  studies  on  silicon  solar  energy  converters  were 
undertaken  by  Lofersky  and  Rappaport  {1956).  A  review  of  this  work  by 
Ziegler  (1957)  estimates  the  lifetime  of  silicon  solar  cells  for  various 
components  of  cosmic  ray  flux  as  follows  5 


Type  of  Radiation 

Estimated  Lifetime  in  Years 

Protons 

k 

3.6  X  10 

Alpha  particles 

l.ij-  X  lo5 

Electrons 

10® 

Ultraviolet  radiation 

85  ' 

X-rays 

6.7' 

The  above  report  gives  us  no  dat; .  for  damage  to  solar  cells  due  to  gamma 
radiation  and  fast  (epi cadmium)  or  slow  (thermal)  neutrons. 

Photovoltaic  effects  induced  by  radiation  are  discussed  by  Rappaport 
(195^)  and  Keister  and  Stewart  (1957) • 

The  approximate  gamma  doses  at  which  various  devices  (including  solar 
cells)  are  affected  are  shown  in  the  flux-dose  plot  given  in  Fig.  1-5. 

If  gamma  flux  is  plotted  versus  dose,* then  lines  which  are  inclined  at  a 
constant  angle  denote  ,time  intervals.  The  figure  shows  the  gamma  dosages 
required  to  cause  50  percent  derating  of  the  solar  cell  at  various  fluxes. 
Steele  (1956)  points  out  that  fliixes  in  excess  of  10^  r/hr  are  required  to 
produce  damage  in  transistors.  This  should  also  apply  to  solar  cells.  The 
upward  trend  of  the  50  percent  derating  curve  for  solar  cells  at  hi^ 
fliixes  is  explained  in  Section  2.2. 

1.6  SCOPE  AND  LIMITATIONS  OF  PRESENT  INVESTIGATION  -  Damage  studies 
due  to  neutron  radiation  and  X-rays  are  not  considered  in  this  investigation. 
However,  the  effect  of  neutron  bombardment  on  the  boron  layer  of  a  solar 
cell  is  likely  to  be  of  importance  because  of  the  large  neutron  cross  sec¬ 
tion  of  boron  and  the  ensuing  dislocations  in  the  vicinity  of  the  junction. 
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This  study  is  directed  toward  the  experimental  determination  of  the 

range  of  gamma  ray  doses  at  which  the  operation  of  silicon  solar  Cells  is 

affected.  A  theoretical  estimate  of  the  flux  required  to  Influence  the 

operation  of  the  device  by  ionization  is  also  made. 

In  the  experiments,  the  open  circuit  voltage  and  short-circuit 

current  I  for  a  number  of  commercially  available  silicon  solar  cells 
s  c 

were  measured  while  the  cells  were  being  Irradiated  with  a  gamma  flux 
from  a  100  curie  Co^^  radioisotope  source.  The  facilities  available 
permitted  doses  of  10  roentgens  per  hour.  The  same  electrical  charac¬ 
teristics  V  and  I  of  the  solar  cells  were  measured  as  a  function  of 
oc  sc 

temperature  before  and  after  irradiation  and  the  results  compared. 

This  study  being  of  an  exploratory  nature,  a  sample  consisting  of 
10  cells  was  considered  adequate.  This  corresponds  to  an  estimated  overall 
accuracy  of  20  percent,  due  to  the  production  spreads  in  solar  cells  euid 
the  sample  size. 
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an  lllianinated  p-n  jTjnction  vlth  a  load 
resistaiioe  H  across  the  output.  Note 
that  V-jjIj  is  zero  vhen  the  device  is  used 
as  a  photovoltaic  cell  and  is  negative 
when  used  as  a  photoelectric  cell. 
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Fig.  1-2  I-V  Characteristic  of  a  Solar  Cell 
or  Photovoltaic  Cell 
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2.  THEORETICAL  CONSIDERATIONS  FOR  GAMMA 
IRRADIATION  OF  SILICON  SOLAR  CELLS 

2.1  INTRODUCTION  -  The  passage  of  high-energy  photons  through  matter 
produces  electrons  and  secondary  photons  in  the  material.  Most  electrons 
are  produced  as  a  result  of  the  Compton  effect,  (Evans,  1955)  and  the  elec¬ 
trons  are  called  Compton  electrons.  The  other  processes  are  negligible  in 
the  range  of  photon  energies  with  which  we  are  concerned  here  as  Evans  (1955) 
points  out.  Many  of  the  Compton  electrons  collide  with  a.toms  In  the  lattice. 
Those  electrons  with  sufficient  energy  (about  .3  Mev)  may  displace  atoms  from 
their  normal  lattice  sites.  An  atom  so  displaced  constitutes  a  defect 
(Dienes  and  Vineyard,  1957)  and  can  affect  many  properties  of  the  material. 
Rappaport  (195^)  lias  shown  that  the  minority  carrier  lifetime  in  semicon¬ 
ductors  is  a  very  sensitive  indication  of  such  damage. 

Cummerow  (l95^)  points  out  that  the  performance  of  a  photovoltaic  device 
is  strongly  dependent  on  the  minority  carrier  .lifetime  in  the  n  and  p  regions 
of  the  device.  One  would  then  expect  the  performance  of  a  silicon  solar 
cell  to  change  under  irradiation.  Since  the  minority  carrier  lifetime 
decreases  luider  irradiation,  a  reduction  in  the  output  of  the  device  can 
be  anticipated. 

2.2  ESTIMATES  OF  THE  LIMITS  OF  OPERATION  -  To  estimate  the  limit  of 
operationjjthe  momber  of  displacements  produced  during  irradiation  must  be 
determined.  Only  order  of  magnitude  computallons,  with  a  view  to  estimate 
the  number  of  dislocations,  will  be  presented  here. 

The  gamma  rays  from  the  LMSD  Co^^  source  have  an  average  energy  of 
1.25  Mev.  The  maximum  energy  transferrable  to  a.n  electron  from  a  1.25  Mev 
photon  in  a  Compton  interaction  is  1.04  Mev,  while  the  average  energy 
transferred  to  all  electrons  in  a  Compton  inte.raciion  is  ,97  Mev  (Evans, 

1955). 
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Seitz  and  Koehler  (1956)  have  given  an  integrated  form  of  the  electron- 
atom  displacement  cross-section  a 


(2-1) 

V 

where  p  =  —  is  the  ratio  of  the  electron  velocity  to  the  speed  of  light, 

1  Z 

y  =  1  1)1  ,  Ot  =  and  Z  is  the  atomic  number  of  the  target  material. 

A  -  137 

T  is  the  maximum  energy  transferrable  to  an  atom  by  an  electron  of  given 
m 

energy  and  E,  is  the  minimum  energy  which  must  be  imparted  to  an  atom  to 
d 

displace  it  from  its  normal  position.  E,  is  about  JO  ev  for  silicon. 

^  -24  2 

Thus,  for  silicon,  calculations  show  =  21  x  10  cm  when  c,  is  com- 
’  ’  d  d 

puted  on  the  basis  that  all  electrons  have  the  maximum  energy  available 

-24  2 

to  Compton  electrons,  and  =  20  x  10  cm  when  is  computed  on  the 
basis  that  all  electrons  have  the  average  Compton  electron  energy.  The 
total  number  of  displacements  per  second  R  is 

R  =  <>  n  Za,  (2-2) 

7  d 


2 

where  <t>  is  the  gamma  flux  in  photons/cm  /sec,  and  n  is  the  molecular 

^  6o 

density  of  the  target  material.  Thus,  for  a  100  Curie  Co  source,  R 
is  in  the  range  of  1  x  10^°  to  l.J  x  10^°  displacements/sec.  Using  the 
Shockley-Read  (1952)  recombination  statistics,  the  minority  carrier  life¬ 
time  T  is  related  to  the  number  of  displacements  N,  by 
P 

T  =  A(1  -  KN)  (2-3) 

P 
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where  A  and  K  are  constants  depending  on  the  properties  of  the  material, 
and  the  nature  of  the  defects.  A  simplification  of  Cummerow's  (195^) 
formulae  give  the  following  predictions  for  the  output  of  a  solar  cell 

^sc  =  'So  %  (S-**) 


V 

oc 


(2-5) 


where  g  ,  L-  ,  D  are  constants  of  the  material  which  are  negligibly  affected 
o  \  p 

by  irradiation,  while  k  is  Boltzmann's  constant,  T  is  the  absolute  temper¬ 
ature  and  e  is  the  electronic  charge.  All  quantities  are  expressed  in  c.g.s. 
imlts.  Thus,  we  see  that 

^8C  =  (2-6) 

''oo  =  \  ^  }  <2-T) 

p 

where  t  is  the  number  of  seconds  under  irradiation  and  =  kT/e.  It  is 
often  useful  to  write  these  equations  in  terms  of  dosage  rather  than  time 
under  irradiation.  Since  R  is  the  nimiber  of  displacements  per  second,  and 
t  the  irradiation  time  expressed  In  seconds,  then  Rt  is  the  total  number  of 
displacements  N.  The  dose  received,  4,  Is 

*  =  ♦  t  (2-8) 

7 


Thus,  since 

N  =  Rt 


(2-9) 
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it  follows  that 


N  =  a.  n  t 
d  r 


a,  n  Z<b 
d 


(2-10) 

(2-11) 

(2-12) 


Since  gamma  rays  and  light  are  both  electromagnetic  radiations,  both  will 
produce  carriers  in  the  material.  However,  the  number  of  carriers  produced 
by  STonligjht  is  far  in  excess  of  the  number  produced  by  the  gamma  rays  in 
IMSD  facilities,  and  the  effects  of  the  latter  may  safely  be  neglected. 

(See  Fig.  2-1.) 

The  rate  effect,  or  effect  due  to  hi^-flux  densities,  can  be  calculated 
from  the  following  formula  for  the  relative  value  of  the  short  circuit. 


<I  >  1 
sc 


no. 


<i  >  =  (1  +  — 

sc  g 


)/r 


K  n  Z<)^t 


(2-15) 


where  tj  is  the  number  of  free  carriers  produced  per  gamma  ray  (approximately 
l).  This  accoimts  for  the  increase  ln<I  >  along  the  1  millisecond  curve 

SC 

in  Fig.  2-1,  and  the  upward  bend  in  the  curve  at  high-flux  densities  in 
Fig.  1-3. 

2.3  COMPUTATION  OF  PERFORMANCE  CURVES  -  Using  data  appropriate  to 
silicon  solar  cells  and  In  a  radiation  flux  of  10^  r/hr,  we  ceun  predict  the 
results  of  exposure  to  radiation. 

I  =  2.0  X  10^  / 1  -  10“^t  (2-11;) 

sc 
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=  1^.0  X  10^^  in  A  -  lO"^  t  j-  (2-15) 

Thus,  one  can  expect  I  to  be  reduced  by  50  percent  at  a  dose  of  about 

h  ,  5  / 

3  X  10  r  and  to  be  reduced  by  50  percent  at  about  2.4  x  10  r  (See 

Fig.  2-2  and  2-3).  It  must  be  pointed  out,  however,  that  this  evaluation 

does  not  take  into  account  annealing  affects,  which  will  prolong  the  life 

of  the  cells.  If  annealing  is  taken  into  account  then 

^  =  R  -  s/  (2-16) 

where  S  is  a  constant  related  to  the  annealing  rate  in  silicon. 

The  data  (see  Fig.  2-2)  suggests  that  this  is  not  a  negligible  effect. 

The  calculations  taking  annealing  into  consideration,  however,  have  only 

reached  the  qualitative  stage.  An  interesting  result  is  that,  when  annealing 

is  taken  into  account,  the  curves  of  I  and  V  vs.  ®  can  be  approximated 

’  sc  oc 

by  a  straight  line  at  sufficiently  high  doses.  Using  this  approximation  to 

extrapolate  the  experimental  data  to  higher  doses,  one  can  predict  that 

8  9 

I  will  decrease  to  zero  in  10  seconds,  or  at  a  dose  of  about  5  x  10 
sc 

roentgens. 

2.4  FLAMING  THE  EXPERD'IEKT  -  It  was  decided  that  in-sltu  measurements 

of  V  and  I  would  be  taken.  These  parameters  were  chosen  since  they  are 
oc  sc 

of  general  interest  and  can  easily  be  compared  with  the  theoretical  work. 
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Fig.  2-2  Relative  Values  of  Short  Circuit  Current  Isc  Under  Gamma  Irradiation 
Typical  Experimental  Curve:  Solid  Line 
Theoretical  Curve:  Broken  Line 


Fig.  2-3  Relative  Values  of  Open  Circuit  Voltage  Vqc  Under  Irradiatio: 
Typical  Experimental  Curve:  Solid  Line 
Theoretical  Curve:  Broken  Line 
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3.  EXPERIMENTAL  RESULTS  AND  INTERPRETATION 

3.1  IRRADIATION  FACILITIES  AND  AUXILIARY  APPARATUS  -  The  gamma 
irradiation  facilities  at  Lockheed  Missile  Systems  Division  include  a 

6o 

radiation  chamber  with  a  100-curie  Co  gamma  ray  source.  The  radiation 
chamber  is  a  shielded  room  approximately  10  feet  by  20  feet.  A  special 
radiation- safe  optical  window  is  provided  in  one  side  of  the  room  with 
various  manipulators  and  their  associated  controls.  An  opening  which  can 
be  filled  with  lead  bricks  to  any  required  extent  is  used  to  enable  test 
leads  to  be  Introduced  into  the  radiation  chamber. 

When  originally  installed  about  two  years  ago,  the  source  had  an 
estimated  strength  of  100  curies.  When  last  calibrated  immediately  after 
this  experiment  the  equivalent  point  source  strength  was  98  curies  for 
points  along  the  lower  cylinder  axis. 

Other  apparatus  used  inclvded  a  mobile  test  s’^and  designed  for  use 
in  evaluation  studies  of  solar  cells.  This  test  stand  includes  a  Leads 
and  Northrup  Type  K-3  Universal  Potentiometer,  a  Minneapolis-Honeywell 
Model  lOWlG  Null  Indicator,  a  Rubicon  Decade  Resistance  Box,  a  Leads  and 
Northrup  Model  8662  thermocouple  potentiometer,  a  Sorensen  Model  lOOOS 
voltage  regulator,  a  Sola  Model  30809  voltage  regulator,  and  the  various 
reostats  and  meters  required  for  the  operation  and  monitoring  of  a  light 
source  eind  temperature  test  chamber. 

A  temperature  test  chamber  was  constructed  in  the  laboratory  some 
time  ago  for  use  in  solar  cell  studies  and  consists  of  a  7  In.  x  7  in.  x  8  in. 
box,  of  1/2  in.  transits,  with  heater  coils  mounted  inside.  A  ii-  in.  x  5  in. 

X  6  in.  steel  chassis  box  is  recessed  behind  the  front  opening.  A  blower  was 
mounted  in  the  back  of  the  chamber  so  that  a  vmiform  temperature  distribu¬ 
tion  could  be  maintained.  A  phosphor-bronze  spring  clip  holds  each  cell  in 
place  on  a  micarta  board.  This  spring  clip  also  presses  an  iron-constantan 
thermocouple  against  the  front  electrode  of  the  solar  cell.  Pressure  con¬ 
tacts  to  the  solar  cell  electrodes  were  found  to  introduce  too  much  resist¬ 
ance  and  fine  wires  were  therefore  soldered  to  the  solar  cell  electrodes  for 
the  purpose  of  the  ejqjeriments. 
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3.2  EXPERIMENTAL  PROCEDURE  -  A  sample  of  ten  commercially  available 

silicon  solar  cells  (Hoffman  Electronics  Corporation  Type  120c,  efficiency 

10  percent)  '^as  selected  at  random  for  this  study. 

Measurements  of  the  open  circuit  voltage,  and  short  circuit 

current,  I  ,  were  taken  during  the  period  of  irradiation  at  various  dos- 
s  c 

ages.  I  was  obtained  by  reading  the  voltage  across  a  one  ohm  load  and 

SC 

using  Ohms'  Law  (i.e.  I  =  V/r) . 

The  ten  cells  were  mo\inted  on  a  piece  of  l/8  in.  aluminum  by  a  solder 
connection  from  the  back  electrode  to  a  piece  of  thin  wire  which  was 
stretched  across  the  alimiinum  plate,  and  which  also  served  as  an  electrical 
connection.  The  plate,  with  the  cells  grouped  symmetrically  in  the  center, 
was  illuminated  by  two  500-watt  ll^t  bulbs  within  the  irradiation  chamber, 
and  a  blower  was  installed  to  help  maintain  constant  temperature.  Lead 
bricks  were  used  to  shield  the  lamps  from  the  radioactive  source,  as  many 
glasses  tend  to  discolor  \inder  irradiation.  (See  Shaw  and  Krogstad,  1958") 

No  attempt  was  made  to  calibrate  the  light  source  used  for  these  measure¬ 
ments  or  to  obtain  an  even  distribution  of  intensity  across  the  ten  solar 
cells.  This  was  considered  to  be  iinnecessary  since  only  the  relative  values 

of  the  open  circuit  voltage,  V  ,  and  the  short  circuit  current,  I  ,  at 

oc  sc 

various  dosages  were  of  interest. 

The  100- curie  Co^*^  source  was  placed  approximately  8  cm  from  the  center 
of  the  group  of  ten  solar  cells.  This  gave  a  flux  of  10^  roentgens/hr  in 
the  vicinity  of  the  cells. 

Before  being  subjected  to  gamma  radiation,  these  cells  were  placed  in 
the  temperature  test  chamber.  The  li^t  source  consisted  of  four  500-watt 
reflector- type  light  bulbs.  A  2-l/2  in.  thick  water  filter  was  mounted 
between  the  source  and  the  temperature  test  chamber  for  the  purpose  of 
absorbing  most  of  the  infrared.  This  gave  a  light  spectrum  similar  to  that 
of  the  sun  in  the  sensitive  region  of  the  solar  cells. 

This  equipment  was  mounted  on  a  standard  laboratory  optical  bench.  A 
block  diagram  of  the  measuring  apparatus  is  shown  in  Fig.  3-1* 
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The  light  source  intensity  v/as  adjusted  so  that  the  effective  incident 

power  falling  on  the  cells  was  approximately  the  same  as  the  incident  power 

2 

of  open  sunli^t  (87.3  milliwatts/cm  )  at  the  location  of  this  laboratory 
in  Palo  Alto,  California. 

This  calibration  was  accomplished  by  using  a  silicon  solar  cell  in  the 
following  manner.  Through  a  series  of  exp)eriments  conducted  on  a  silicon 
solar  cell  in  open  sunlight,  the  electrical  characteristics  as  a  function 
of  temperature  of  this  particular  solar  cell  were  obtained  within  an  accuracy 
of  +  3  percent .  The  li^t  source  and  water  filter  were  then  adjusted  to  give 
similar  results,  for  this  particular  solar  cell,  as  were  obtained  in  open 
sunlight . 

The  electrical  characteristics  of  the  ten  silicon  solar  cells  were  meas¬ 
ured  by  this  technique  as  a  function  of  temperature  from  30 °C  to  130°C.  The 
parameters  measured  were  the  following: 

=  open  circuit  voltage  of  the  cell 

I  =  short  circuit  current  obtained  by  reading  the 

voltage  across  a  one- ohm  load  and  calculating  v/R 

After  irradiation,  the  solar  cells  were  remounted  in  the  same  positions 

in  the  measuring  apparatus.  The  electrical  characteristics  of  the  solar 

cells  were  then  measured  in  the  same  manner  as  before  irradiation. 

3.3  EXPERIMENTAL  PERFORMANCE  CHARACTERISTICS  -  Experimental  curves  for 

the  short  circuit  current  I  versus  gamma  dose  for  10  cells  are  shown  in 

5 

Fig.  3-2.  These  curves  show  that  damage  had  occurred  at  doses  of  10  r. 

4 

However,  some  cells  were  affected  at  doses  as  low  as  10  r.  On  the  average, 

I  decreased  by  approximately  25  percent  of  its  original  value  at  10^  r, 
sc 

and  50  percent  at  10  r.  The  open  circuit  voltage,  V  ,  is  plotted, in  Fig.  3-5 

oc  ^ 

versus  gamma  dose.  These  curves  show  that  is  definitely  affected  at  10  r 

and  on  the  average  had  decreased  approximately  10  percent  at  5  x  10^  r. 

Measurements  of  the  short  circuit  current  I  of  the  ten  solar  cells 

60 

before  and  after  Co  gamma  radiation  were  taken  as  a  function  of  temperature, 
and  fall  within  the  shaded  areas  of  Fig.  3-^*  A  "typical"  cell  gives  experi¬ 
mental  data  for  the  representative  sample  used.  Note  that  the  spread  of  the 
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measurements  increases  under  radiation.  A  small  increase  in  spread  could 

be  expected  since  the  gamma  ray  flux  received  by  the  solar  cells  varied  on 

accoTint  of  the  position  of  each  cell  with  respect  to  the  Co  source. 

However,  the  actual  spread  is  larger  than  expected  from  dosimetry  effects 

alone.  The  short  circuit  current  versus  temperature  curve  is  affected  by 

radiation  as  shown  by  the  curve  for  a  "typical"  cell.  Some  cells  showed 

a  more  radical  change  than  the  "typical"  cell. 

Similar  measurements  of  the  open  circuit  voltage  versus  temperature 

of  the  cells  fall  within  the  shaded  areas  of  Fig.  5-55  measurements  before 

and  after  irradiation  are  given.  The  data  show  a  linear  dependence  as 

illustrated  by  the  "typical"  cell,  which  incidentally  is  the  same  "typical" 

cell  used  in  the  I  versus  temperature  graph  in  Fig.  3-^*  For  bhe  "typical" 
s  c 

cell  used,  the  open  circuit  voltage  is  a  linear  function  of  temperature 

with  a  slope  -  2.2  mv/°C  before  irradiation  and  remained  a  linear  function 

of  temperature  after  irradiation  with  a  slope  of  -  2.1  mv/°C. 

It  follows  from  Fig.  3-5  that  the  V  characteristics  of  a  solar  cell 

oc 

7 

exposed  to  a  gamma  radiation  dose  of  up  to  10  roentgens  remains  a  linear 
function  of  temperature  with  practically  the  same  slope. 

\ 

Irradiation  somewhat  increased  the  spread  of  V  measurements  for  our 

oc 

sample.  This  increase  is  adequately  explained  by  the  sli^t  variance  in 

dosage  received  by  the  individual  cell  due  to  varying  proximity  to  the 
_  60 

Co  source. 

3.4-  DERATING  AND  RELIABILITY  -  Derating  as  used  in  this  report  is  the 
fraction  by  which  the  voltage  and  current  parameters  are  reduced  from  their 
initial  values  as  a  result  of  exposure  to  gamma  radiation.  Reliability  is 
used  to  indicate  the  expected  percentage  of  survival,  i.e.  ability  to  meet 
or  exceed  the  derated  parameters  within  a  typical  group  of  cells. 

The  derating  of  the  short  circuit  current,  I^  ,  for  each  cell  was 
obtained  from  the  experimental  short  circuit  current  curves  for  various  gamma 
radiation  dosages.  The  percentage  derating  for  each  cell  was  computed  for 
each  dosage  used  and  the  data  plotted  on  probability  paper.  This  gave  a 
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4  6 

family  of  dosage  curves  from  10  roentgens  to  5  ^  10  roentgens  showing 

the  percentage  of  cells  possessing  a  given  derating  A  ,  for  a  given  dosage 

4.  Figure  3“6  shows  this  family  of  dosage  curves  for  the  short  circuit 

current,  I  . 

’  sc 

The  set  of  reliability  curves  for  I  is  shown  in  Fig.  3-7.  These 

5C 

curves  were  obtained  from  the  derating  curves  by  plotting  the  percentage 
derating  of  the  short  circuit  current,  A  I  ,  as  a  function  of  various 
dosages,  4,  for  a  given  percentage  of  silicon  solar  ceils.  The  curves  are, 
therefore,  lines  of  constant  survival  ratios  for  various  values  of  derating 
and  gamma  radiation  dose. 

To  illustrate  the  use  of  these  curves,  consider  first  the  dosage  curves 
in  Fig.  3-6.  If  we  allow  a  10  percent  derating  in  the  short  circuit  current 
of  the  solar  cells  to  occur  in  a  specific  case,  we  can  read  the  percentage 
of  cells  that  will  survive  or  fail  for  the  various  dosages  as  follows: 


Dosage  in  Roentgen 

i)  Survive 

— 

i  Fail 

4 

5  X  10 

89 

11 

1  X  10^ 

70 

30 

2  X  10^ 

34 

66 

The  short  circuit  current  reliability  curves  in  Fig.  3-7  show  the 
dosages  for  1  percent,  10  percent,  50  percent  and  99  percent  survival. 

For  an  allowable  10  percent  derating  the  following  fraction  of  cells  would 
fail  -  or  survive; 


i  Fail 

i)  Survive 

Dosage  in  Roentgen 

1 

99 

4 

2.1  X  10 

10 

90 

4.8  X  10^ 

50 

50 

1.5  X  10^ 

90 

10 

3.3  X  10^ 

99 

1 

5.1  X  10^ 
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From  Fig.  3~T  one  can  read  the  derating  required  at  a  specific  dosage 
for  the  given  percentage  of  cells  to  fall  or  survive.  For  example.,  an 
exqjected  dosage  of  10^  roentgens  postulates  the  following  deratings  and 
survivals: 


^  Survive 

i  Fail 

^  Derating 

1 

99 

16.3 

10 

90 

21.2 

50 

50 

28.0 

90 

10 

37.5 

99 

1 

46.0 

Similar  dosage  curves  for  the  open  circuit  voltage  are  shown  in  Fig.  3-8. 

Fig.  3-9  shows  a  set  of  open  circuit  voltage  reliability  curves. 

These  curves  were  obtained  from  the  data  of  Fig.  3-8  in  the  same  manner  as 
for  the  short  circuit  current. 

The  derating  and  reliability  curves  for  the  open  circuit  volteige  are 
read  in  a  similar  manner  as  the  short  circuit  current  curves. 
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3"1  Block  Diagram  of  Measuring  Apparatus 
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Fig.  3-3  Open  Circuit  Voltage  Vq^  of  Silicon  Solar  Cells  Under  Gamma  Irradiation 
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F?^.  3-4  Short  Circuit  Current  Ig„  as  a  Function  of  Temperatu: 
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TEMPERATURE  -  DEGREES  CENTIGRADE 

Fig.  3-5  Open  Circuit  Voltage  Vqq  as  a  Function  of  Temperature 
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Fig.  3-6  Percentage  of  Silicon  Solar  Cells  That  Have  a  Short  Circuit  Current  Derating  Alg^  at  a  Dose 
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4.  DISCUSSION 

This  study  has  shown  that  the  silicon  solar  cell  is  affected  by 
radiation  beginning  at  an  Integrated  dosage  of  the  order  of  10^  roentgens. 

The  short  circuit  current  I  was  found  to  be  affected  more  radically  than 

SC 

the  open  circuit  voltage  V  .  After  an  integrated  dose  of  the  order  of  lo'^ 

oc 

roentgens  the  short  circuit  current  was  down  to  50  percent  of  its  initial 
value  and  the  open  circuit  voltage  was  down  to  90  percent  of  its  initial 
value . 

It  can  easily  be  seen  frcan  Equation  (l-ll)  and  the  above  data  that  after 

7 

an  Integrated  gamma  dosage  of  10  roentgens  a  silicon  solar  cell  will  have 
an  "ideal"  available  power  of  only  45  percent  of  its  "ideal"  available  power 
before  gamma  irradiation.  The  actual  available  power  can  reasonably  be 
expected  to  have  decreased  by  a  similar  amount. 

The  temperature  dependence  of  the  short  circuit  current  I  was 

SC 

changed  after  the  solar  cell  was  exposed  to  gamma  radiation.  The  open 

circuit  voltage  temperature  dependence,  however,  remained  unchanged.  Due 

to  the  short  circuit  current  I  vs.  temperature  curvature  it  is  indicated 

sc 

that  the  optimum  temperature  of  operation  may  be  higher  than  that  of  non- 
irradiated  samples;  further  work  is  required  to  ascertain  this.  One  must 
bear  in  mind,  however,  that  the  available  power  at  any  temperature  is  reduced 
after  irradiation  as  stated  above. 

Certain  effects  on  a  silicon  solar  cell  power  supply  or  array  in  a  gamma 

radiation  field  can  be  predicted.  The  output  power  from  such  a  solar  power 

5 

supply  would  decrease  after  an  integrated  dosage  of  10  roentgens.  After  the 

7 

total  dose  reached  10  roentgens  the  output  power  would  be  reduced  to  approx¬ 
imately  50  percent  of  its  initial  value,  possibly  more. 


34 


The  current  that  could  be  drawn  from  such  a  power  supply  would  decrease 

more  rapidly,  as  the  total  dosage  increased,  than  the  voltage  output  up  to 

7 

dosages  of  10  roentgens.  Therefore,  a  silicon  solar  cell  power  supply 
operating  in  a  gamma  radiation  field,  where  the  total  dosage  accimiulated  by 

5 

the  power  supply  would  be  10  roentgens  or  greater,  would  be  seriously  af¬ 
fected.  Not  only  would  its  usable  lifetime  be  shortened  greatly,  but  the 
available  power  from  such  a  supply  would  be  greatly  reduced. 

This  study  was  limited  to  the  effects  of  gamma  radiation  in  silicon 
solar  cells;  an  investigation  of  the  effects  of  neutron,  cosmic,  and  x-ray 
radiation  is  planned  by  this  laboratory. 
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THI  VPBCTS  OP  NUCLEAR  RADUTION 
ON  POWER  TRANSIS10RS 

by 

nrederlok  Gordon  Jr. 

U.  S.  An^r  Signal  Resoareh  and  DarolopMnt  Laboratory 
Fort  Monnouthy  Now  Joraey 


This  papsr  presents  the  results  of  nudear  radiation  ex^ 
perlments  psrfomed  at  Brookhaven  National  Laboratory  to  deter- 
■Ine  the  effects  of  this  radiation  on  poser  transistors  of 
various  typsB.  A  brief  analysis  of  devloe  paraaeter  changes, 
and  of  the  evaluation  of  the  results  Is  presented.  In  ad¬ 
dition,  there  Is  a  short  discussion  of  the  Interrelation  be¬ 
tween  the  nlftlsdslng  of  the  effects  of  nuclear  radiation  on 
transistors  And  the  specific  applleatlon  of  the  devloes. 

The  device  types  that  were  exposed  were  hoBK>geneouB- 
base  geraanlila  power  transistors.  The  device  paraasters 
that  were  monitored  wwe  saall-signal  and  large-signal 
grounded-saitter  current  gain,  as  well  as  the  reverse  ool- 
Isctor  current.  The  techniques  of  asasureasnb  included 
anltiid.e  point  asasuraasnts  and  eunre  tracer  techniques. 

The  results  show  fair  agrssasnt  between  saqperlasntal  results 
and  caleulatsd  valMS. 


miROOUCTION 

ftqperiasnts  were  perfoiaed  to  deteormlne  the  effect  of  a  nuclear 
radiation  environaent  (primarily  neutrons)  upon  gemaniua  power  transls- 
t«rs.  This  type  device  is  now  being  used  in  allitaxy  equipaent  which  aay 
be  eoqwsed  to  slallar  radiation  fields.  The  devices  exposed  were  con¬ 
ventional  types  of  gemaniua  pcwer  transistors  (2N297  and  2N236B). 

The  objectives  of  the  experlasnt  were  twofold  |  first,  to  deteralne 
the  sactsnt  of  daaage  In  these  devices  so  that  radiation  llnitatloas  in 
eurrsnt  devices  ai^t  be  set  and,  secondly,  to  utilise  this  Informtlon 
in  designing  transistors  that  will  have  a  greater  resiatance  to  radiation. 

The  interesting  device  oharact eristics  from  the  standpoint  of  their 
susceptibility  to  xudlation  damage  as  well  as  their  laportanoe  to  the 
device  dedgnor  and  user,  are  those  associated  with  gain  and  reverse 
coUeetor  current.  The  actual  paraaeters  that  ware  measured  were  Ing, 

and  a^f  the  reverse  collector  ourrmt,  d-o  (or  average)  grounM- 
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emlttor  current  galn>  and  emall-elgnal  ground ed-emltter  current  gain 
respectively.  In  addition,  photographs  ware  taken  of  the  grounded- 
SBitter  collector  charaet eristics  (Vq  vs.  Iq), 

These  experiaents  were  performed  at  the  bulk  shielding  facility  of 
the  reactor  at  the  Brookhaven  National  Laboratory,  l^on.  New  York,  The 
ejqaerimental  procedures  and  results  are  described  herein, 

EXPERDtEHTAL  PROCEDURE 
Analysis  of  Problem 

Experiments  on  nuclear  radiation  effects  on  sendconductor  materials 
by  various  groups^****  have  shown  that  the  bulk  material  parameter#  that 
are  affected  by  neutron  bombardment  are  primarily  minority  carrier  life¬ 
time,  T,  conduetivlty,  o,  and  mobility,  p.  There  are  also  surface  effects, 
but  these  are  not  easily  analysed.  All  three  of  the  bulk  parameters 
measured  affect  the  perforsiance  of  the  transistor.  The  lifetime  and  con¬ 
ductivity  are  changed  much  more  radically  than  the  mobility  and,  for  the 
purpose  of  this  analysis,  only  the  t  and  o  changes  will  be  considered. 

The  transistors  chosen  for  these  soqperlments  were  alloy  Junction 
types  with  homogeneous  base  regions. 


The  small-signal  c(»inon-«sltter  current  gain  for  these  devices  can  be 
expressed  by  equation  (1). 


H-JWa. 

WAeOnbo 


(2) 


The  first  term  in  brackets  is  the  emitter  injection  efficiency  term;  the 
second,  the  surface  recombination  term;  the  third,  the  minority  carrier 
transport  term;  and  the  fourth  is  the  collector  multiplication  factor.  If 
typical  material  parameter  values  are  used,  the  fourth  term  is  inslgnlfl- 
eant.  It  may  be  seen  that  all  three  significant  terms  have  parameters 
which  are  affected  by  radiation  (o,  p,  v).  The  radiation  smsltive  oon- 
duotiylty  for  the  surface  factor  anPMrs  in  the  K-term,  and  there  is  a 
probability  that  "S"  is  also  nuclear  radiation  sensitive. 


Lofersld^  and  Messenger*  have  reported  sqtuation  for  damage  effects 
for  the  minority  lifetime.  Equation  (3)  is  the  Messenger  version  of  the 
equation. 


- 
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^po 


VpQ  -  initial  minority  carrier  lifetime  (3) 

K  lifetime  reduction  constant 
(Neutronrsec-oar ) 
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Equation  (4)  for  oonduetlvltj  ohango  permit  a  the  utilisation  of  the 
carrier  rmaoval  oonetant  (Q)  for  electrons  In  N-type  germanium  given  by 
Cleland  and  Crawford*'. 

•nb  -  »„bo  (l  - 

Q  ■  oarrlers/cm*  r Amoved  per  Incident  neutron/cm^ 
n^^  ■  litltlaJL  majority  carrier  cone  mit  rat  Ion 
*  -  total  neutron  flux,  neutrons/cm^ 

Oj|5  >  majority  conductivity  of  base  region 
Onbo  *  majority  conductivity  of  base  region  initially. 


Equations  (3)  and  (4)  can  be  put  Into  equations  (1)  and  (2),  yielding  (5) 
and  (6): 


If  values  for  the  parameters  in  equations  (5)  and  (6)  that  are  represent¬ 
ative  of  the  P-N-P  power  transistors  used  In  this  experiment  are  Inserted 
in  these  equations,  a  calculated  ejqpeoted  change  In  with  radiation  can 
be  plotted.  The  resistivity  of  the  emitter,  base,  ana  ooUeotor  regions  Is 
known  within  a  factor  of  two.  The  minority  carrier  lifetime  is  not  as  well 
known  for  the  devices  under  test.  There  are  Indications  from  preliminary 
tests  that  the  Lederhandler-(U.ocoletto*  effective  minority  carrier  life¬ 
time  may  be  quite  useful  in  evaluation  of  radiation  damage  In  these  devices, 
but  this  test  was  not  performed  for  this  e^qperiment.  Figure  1  shows  the 
plot  of  ttgb  vs.  *  using  equation  (5)  and  values  of  the  parameters  chosen 
to  be  representative  of  the  2N297  power  transistor.  The  was  selected 
to  give  an  Initial  that  Is  close  to  the  measured  valuss.  Several 
damage  constants  (K)  were  used  to  determine  which  values  would  result  in  a 
curve  fall-off  close  to  the  actual  experimental  curves  shown  in  Flgwe  2 
for  a  representative  2N297.  There  is  fair  agreement  in  magnitude  and  shape 
of  curve  2  of  Figure  1  and  c\irve  2  of  Figure  2.  The  actual  magnitude  dif¬ 
ference  of  these  curves  is  easily  within  the  results  that  nay  be  expected 
because  of  the  difference  between  the  values  of  some  of  the  parameters 
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ehosm  for  aquation  (5)  and  the  actual  values  of  transistor  #35*  This 
experiinentad  curve  shows  the  damage  constant  (K)  to  be  about  6  x  10*^  nvt- 
sec  tdilch  Is  in  fair  agreement  with  Messenger's  value  (5  x  lO'^  nvt-sec). 

The  experimental  curve  of  d-c  comnon  emitter  cxnrrent  gain  (Hpg)  vs.  4 
is  also  shown  for  a  typical  2N297*  The  theoretical  basis  for  this  parti¬ 
cular  parameter  is  not  as  well  established  as  the  0^^,  although  Huang  and 
Chang'^  have  developed  an  eqtiation  for  Hpg  that  is  vexy  similar  to  equation 
(1).  No  theoretical  plot  is  made  for  Hpg  at  this  time.  The  Hjrg  is  always 
larger  than  for  a  given  set  of  bias  currents  Iq),  and  the  ratio 
of  Hyg  to  tends  to  increase  %dth  Increasing  currents.  This  ratio  seems 
to  generally  decrease  sll^itlj  at  low  currents  after  the  units  have  been 
irradiated  and,  at  high  currents,  to  generally  increase.  The  trends  shown 
in  the  experiment  are  not  definite  enough  to  be  conclusive. 


Figure  3  shows  ealc\ilated  curves  for  vs.  4  with  Tp^  as  the  family 
parameter.  It  may  be  seen  that  the  lower  Initial  minorlty*carrler  life¬ 
time  (‘^pn)  (curve  2)  idille  having  a  lower  resultant  initial  has  a  much 
lower  ruatlve  change  with  radiation  than  the  higher  (higher  Tp^)  unit. 
If  the  radiation  damage  point  for  is  taken  at  the  poi^  where  It  falls 
to  one-half  of  its  initial  value,  this  occurs  at  about  5  x  10^^  nvt  for 
the  Tpo  »  !(>■*  sec  unit,  and  U  x  10^^  nvt  for  the  Xj—  -  10"®  sec  unit. 
There  will  probably  be  applications  where  this  method  of  obtaining 
radiation  resistance  is  acceptable. 


Another  important  device  parameter  that  is  affected  quite  radically 
by  nuclear  radiation  is  the  reverse  collector  current  with  the  emitter 
open.  This  current  has  two  principal  parts  as  shown  in  equation  (?)• 

Icr  -  Ico  ♦  IL  (7) 

Ipo  is  that  portion  of  the  reverse  current  which  is  due  to  the  bulk 
ctoracterlstlc  of  the  semiconductor  material  (in  this  case,  germanium), 
and  the  Ii,  is  the  leakage  current  due  to  surface  phenomena.  Ico  ^ 
pepresented  by  equation  (8).  In  alloy  type  transistors  such  as  the  2N297f 
tdiich  have  a  collector  region  with  a  much  higher  conductivity  than  the 
base, 

I  ..h 

°pco  V^’no  Onbo 

Eqxiatlon  (8)  reduces  to  equation  (9)  under  laost  circumstances.  This  is 
primarily  because  Op^  »  o^tQ. 

i..h 

®nbo  \Apo 
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^®pb  ^po 
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This  simplification  generally  holds  true  even  after  the  devices  are  ir¬ 
radiated  because  the  low  conductivity  material  of  the  base  region  will 
conveirt  from  "N"  to  "P"  type  before  the  conductivity  of  the  collector 
region  would  approach  that  of  the  base  region*  Thus,  the  transistor 
would  cease  to  be  before  the  approximation  became  invalid* 


^  examining  equation  (9)>  it  may  be  seen  that  Iqq  is  a  function  of 
both  the  conductivity  and  the  minority  carrier  lifetime  in  the  base  region* 
As  in  the  ease  of  one  can  substitute  for  and  Ojibo  their  radiation 
sensitive  equivalents  as  shown  in  equations  (3)  Md  (4). 


•■CO 


(10) 


To  show  which  of  these  factors  (a.]gQ  or  Tp)  contributes  the  greater  change 
with  radiation.  Figure  5  is  a  plot  of  •  with  Tp.  as  the  family 

raramster.  For  all  of  the  curves,  the  initial  conductivity  is  the  same 
(*5  ohsT  cm"  ),  There  are  three  values  of  initial  minority  lifetime 
(“fpo  "  1®»  100,  1000  psec).  Curve  1  is  a  plot  of  Igp  vs*  ♦  (“^pp  “  10  pseo) 
with  <Mily  Tp  changing  with  radiation*  Curve  2  is  the  same  transistor  with 
only  Op^j  changing.  Curves  3  and  4  and  curves  5  and  6  are  similarly  paired 
with  Tpo  -  100  psec  for  3  and  4,  and  t  ■  1000  psec  for  5  and  6*  Two 
principal  factors  may  be  noted  from  thtee  curves.  First,  that  the  change 
in  minority  carrier  lifetime  is  far  more  ijiqportant  to  Ipp  changes  than  the 
conductivity  change  with  radiation,  and  that  the  lower  Cdtial  lifetime 
material  is  subject  to  less  change  for  a  given  level  of  neutron  flux* 
Material  with  a  minority  carrier  lifetime  of  10  psec  has  only  trebled  in 
Ico  at  ICr  nvt,  while  100  psec  material  has  increased  by  a  factor  of  20 
at  this  radiation  level*  It  must  be  noted,  however,  that  the  initial  I-. 
is  an  order  of  magnitude  hif^er  for  the  lower  lifetime  material.  This 
smaller  percentage  change  of  Ipp  with  lower  lifetime  is  very  much  like  the 
effect  detsmilned  above  for  opi,.  More  will  be  said  about  this  later. 


Bxperimental  Procedure 

As  mentioned  in  the  introduction,  the  actual  experiment  was  performsd 
at  the  Brookhaven  nuclear  reactor’s  bulk  shielding  facility.  A  cross- 
sectional  diagram  of  the  facility  is  shown  in  Figure  6*  This  facility  is 
on  top  of  the  reaotor.  The  fast  neutrons  issue  forth  from  the  converter 
(fission)  plate  idiich  has  thermal  neutrons  from  the  reactor  fuel  elements 
incident  on  it  from  the  under  side.  A  tank  of  water  is  set  down  on  this 
pOate  in  lieu  of  the  heavy  shielding  material  that  is  elsewhere  on  the  top 
of  the  reactor.  There  is  about  12  feet  of  water  in  the  tank.  About  three 
feet  up  from  the  bottom  of  the  tank  is  a  lead  shield  in  which  there  are 
holes  through  which  the  equipment  to  be  Irradiated  can  be  lowered.  The 
hole  used  in  this  e^eriment  was  ten  inches  in  diameter*  The  nature  of  the 
experlmMital  setup  necessitates  the  use  of  water-tight  containers  and 
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connector  cables  for  the  transistors.  The  fast  neutron  flux  inside  the 
aluminum  container  holding  the  transistors  was  estimated  to  be  about 
1,13  X  10®  neutron/cm®  sec.  This  figure  was  arrived  at  by  the  Nucleonics 
Section,  Applied  Physics  Division,  USASRDL  after  evaluation  of  the 
dosimetry  wafers  of  sulfur  and  gold  that  were  placed  in  the  container. 

The  transistors  were  connected  to  the  test  equipment  through  water¬ 
tight  shielded  cables.  The  test  equipment  permitted  selection  of  a  tran¬ 
sistor  and  the  test  to  be  performed  upon  that  transistor  by  means  of  two 
banks  of  rotary  switches.  The  test  conditions  were  fixed  for  ary  given 
test  position.  As  mentioned  previously,  the  device  parameters  monitored 
were  a  ^  at  two  values  of  collector  current,  Hpg  at  the  same  two  values  of 
collector  current,  and  at  two  voltages.  In  addition,  the  collector 
characteristics  in  the  common  emitter,  as  presented  on  a  Tektronix  curve 
tracer  wdre  photographed. 

The  water-tight  container  was  an  aluminum  cylinder  eight  Inches  high 
with  an  inside  diameter  of  six  Inches.  The  can  was  lined  with  a  one-six¬ 
teenth  inch  thick  sheet  of  cadmium  to  minimize  the  ratio  of  thermal  to 
^1-cadmlum  neutrons. 

The  measurements  were  made  at  various  lengths  of  radiation  exposure 
time.  Due  to  the  fact  that  the  tests  were  manually  monitored  and,  there¬ 
fore,  took  about  ten  to  20  minutes  to  perform  per  set,  the  qylinder  was 
pulled  up  through  the  lead  shield  to  effectlvdy  suspend  irradiation  during 
the  Individual  test  periods. 

Two  sets  of  translators  were  tested;  the  first  Olevlte  2N297  units, 
and  the  second  Bendlx  2N2366  units.  Both  are  alloy  type  P-N-P  germanium 
power  transistors.  The  2N297  units  were  exposed  for  a  total  of  120  minutes 
to  the  flux  >rtilch  was  equivalent  to  a  total  flux  of  about  8  x  10^®  nvt  fast 
neutrons.  The  2N236B  units  were  exposed  to  660  minutes  of  radiation.  The 
tests  perfonied  were  not  identical  for  both  types. 

For  the  2N297  transistors,  was  measured  at  -2  volts  and  -30  volts, 
Ic  (Vg  *  2  to  if  volts),  with  Iv  equal  to  six  and  i»8  milliamps,  at  the 
same  points  (%d.th  a  base  a-c  signal  of  10  microaoqps),  and  the  Vq-1q 
characteristics  were  j^otographed.  For  the  2N236B  transistors,  Iqd  was 
measured  at  -2  volts  and  -20  volts,  and  the  Vq-Iq  and  charanerlstlcs 

photographed.  This  modification  was  due  to  e^iipment  duficultles  at  the 
time  of  the  2N236B  measurement.  The  lower  value  of  upper  voltage  msasure- 
ment  of  reverse  collector  current  (leg)  is  due  to  the  low  coUector  treak- 
down  voltage  of  the  Bendix  units. 

Experimental  Results 

The  experimental  results  showed  that  device  parameters  performed  about 
as  indicated  in  the  theoretical  calculations.  The  agreement  between  the 
eaq>erimanbal  and  calculated  curves  was  within  the  error  that  might  be  ex¬ 
pected  from  the  spread  of  actual  material  and  geometric  factors  of  the 
devices  as  manxifactured.  Figures  7  and  8  show  actual  esqperimental  Ve-Ie 
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* 

ooBDon-ealtter  exirves  of  representative  2N297  And  2N236B  transistors  as 
they  appeared  at  sero  radiation  as  Indicated.  Unforttinately,  due  to 
Malfunctioning  of  the  temperatur»>indlcatlng  apparatus,  these  curves  are 
not  corrected  for  any  teoperature  difference,  but  Inasnuch  as  there  iias 
very  little  change  In  ambient  and  the  Individual  measurements  were  made  as 
quickly  as  possible.  It  Is  felt  that  this  lade  of  temperature  Indication 
does  not  distort  the  picture  very  much. 

The  reverse  saturation  current,  I{;^,  was  measured  at  two  voltages. 

The  lower  voltage  was  chosen  so  that  a  imasuraiient  would  be  made  that 
would  give  a  fair  Indication  of  the  bulk  saturation  current  (IcB  Cd  ^co^* 
Actually,  the  two  volts  bias  brings  the  current  Into  the  leakage  current 
region  sometrtiat,  but  It  was  a  convenient  value  of  voltage  to  use  for  this 
test.  The  higher  voltage  gives  a  value  of  IcR  that  Includes  the  leakage 
component  as  shown  In  equation  (?)•  The  higher  voltage  was  chosen  low 
enough  so  that  It  was  felt  that  no  appreciable  breakdown  or  collector 
carrier  multiplication  takes  place,  and  that  the  slope  between  the  two 
voltage  points  would  be  an  Indication  of  the  leakage  current.  Inasmuch  as 
Ix,  is  basically  a  surface  i^enosienon.  It  was  hoped  that  an  Indication 
would  be  given  of  surface  changes  due  to  radiation  effects  as  well  as  the 
bulk  material  effects.  Figure  9  shows  a  plot  of  vs.  on  seme  of  the 
transistors  that  were  used  in  the  a3q>eriment8.  The  Is  drawn  as  a 
straight  line  between  the  two  measured  points.  Subsequent  photographs 
of  the  swept  V.-Igg  cturve  taken  at  the  laboratory  after  the  experiment  show 
that  this  straight  line  appraxlmatlma  Is  not  too  far  off  in  most  cases. 

Table  I  shows  the  and  Ix,  of  the  ten  2N297  transistors  before 
being  Irradiated  and  after  120  minutes  of  exposure  to  radiation  6  x  10^‘ 
nvt).  The  units  are  listed  from  top  to  bottom  in  Table  I  in  order  of  in¬ 
creasing  low-voltage  leg  (ICHd  ^coi^*  spread  in  Igoi  i®  on>®ll>  well 
within  lifetime,  resistivity,  and  geometry  fabrication  variations.  The 
change  In  leo  ^th  radiation  for  the  120  mlnites  of  exposure  for  all  cases 
is  about  an  order  of  magnitude.  Actually,  the  range  in  ^^co  is  from  d.09 

AT 

to  10.8.  The  relatively  sman  spread  In  ^■*-co  serves  to  Indicate  that  there 

^col 

is  a  predictable  pattern  to  the  bulk  saturation  current  as  expected.  Figure 
10  shows  theoretical  curves  plotted  for  equation  (10),  and  the  values  indl- 
sated  on  the  Figure  and  the  plot  of  one  of  the  2N297  transistors  that  was 
Irradiated  during  the  course  of  the  experiment.  The  curves  show  the 
Initial  magnitude  of  of  the  esqperlmental  curve  to  be  such  that  the 
initial  lifetime  (Tp^)  would  be  somewhere  between  10~^  and  lO^^sec.  This 
Is  In  general  agreement  with  the  GCcb  results  (see  Figures  1  and  2)  and  the 
value  chosen  for  t-.  (5  x  ICT^  sec  in  Figure  1).  There  Is  fair  agreement 
between  the  shsM  of  the  eiqwrlmental  curve  (#5)  and  that  of  curve  #3 
(vpp  -  10^*  sec)  although  It  has  a  somewhat  shaurper  slope  as  would  be  ex- 
pened  for  a  unit  with  lower  Tp^.  There  are  a  number  of  possible  causes  of 
any  discrepancy,  assuaing  the  theory  is  correct.  In  order  to  have  &  direct 
eosparison  with  the  calculated  curves,  which  are  in  terms  of  current 
densities,  and  the  experimental  curves,  the  latter  must  also  be  In  tezws  of 
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current  density.  However,  the  measurenents  are  made  In  toted  current,  and 
must  be  converted  to  densities.  In  order  to  do  this,  it  is  assumed  that 
the  collector  diameter  is  150  mils.  This  diameter  may  be  slightly  dif¬ 
ferent  from  the  actual  value  and,  therefore,  the  calculated  current 
dmislty  may  be  slightly  different.  In  addition  to  this  geometric  factor, 
the  e]q;>erimental  curves  are  not  normalised  to  300*K,  but  are  about  300*K  ^ 
1.5*K  which  would  also  change  the  curve  shape  sll^tly.  In  the  case  of 
the  theoretical  calculations,  and  o^^,  the  base  width  and  base  con¬ 
ductivity  respectively,  have  assumed  vidues  of  three  mils  and  0.33  ohmT^ 
cm.  In  the  actual  transistor,  these  may  be  different  by  factors  great 
enough  to  account  for  the  difference  in  current  density  magnitude.  The 
damage  constants  used  in  the  calculations  are  about  vrtiat  might  be  ex¬ 
pected  from  comparison  of  Figures  1  and  2.  Another  possibility  of  varia¬ 
tion  is  the  actual  exposure  value.  The  dosimetry  check  point  was  that  of 
neutrons  with  energies  greater  than  2.5  Hev.  This  information  was  supplied 
by  sulfur  pellet  evaluation.  The  actual  dose  rate  is  dependant  upon  the 
spectrum  assumed.  Because  of  the  utilisation  of  a  fission  plate  for  e<»)r- 
verslon  of  slow  neutrons  into  fast,  a  fission  spectrum  similar  to  Godlva 
was  assumed.  The  actual  sulfiur  count  showed  a  total  flux  (neutron  energies 
>  2,5  Mev)  of  10^’  nvt,  which  was  extrapolated  to  1.13  x  10*  neutrons  per 
cm^  per  sec  for  the  entire  spectrum  (Godlva). 

The  leakage  current,  Ix.,  is  defined  as  that  part  of  the  reverse  col¬ 
lector  current  that  is  due  to  surface  leakage  across  the  collector  Junction. 
It  seems  to  be  essentially  a  linear  function  of  voltage  in  the  region  of 
observation,  l.s.  between  two  and  32  volts.  This  is  essentially  the  region 
above  the  bulk  saturation  current,  and  below  which  any  breakdown  is  per¬ 
ceptible.  Because  of  the  linearity  of  the  volt  age- current  relationship  in 
this  region,  we  assume  a  leakage  resistance  (Rj,)  for  the  surface  that  is 
defined  ast 


"  Icr(32?)  -  icR(2Y) 

In  Table  I,  Rjj  is  the  leakage  resistance  at  sero  radiation,  and  Rj^  the 
leakage  resistance  after  120  minutes  of  esqposure  (^  8  x  10^^  nvt).  The 
variation  in  this  initial  leakage  resistance  (Ru.)  is  quite  large,  ranging 
from  175  kllohms  to  3750  kilohms  (a  factor  of  better  than  20).  After  the 
radiation  exposiure,  all  the  surface  resistances  are  considerably  lower 
showing  much  higher  leakage  currents.  The  variation  in  leakage  resistance 
after  exposure  ranges  from  iil  kllohms  to  69  kilohms  (a  factor  of  less  than 
two). 


Figures  11  and  12  show  the  variation  of  leakage  current  with  exposure, 
and  the  resultant  leakage  resistance  with  expos\u*e  respectively.  These 
seem  to  indicate  that  the  leakage  tends  toward  a  radiation  satxiratlon  value 
almost  Independent  of  initial  value.  The  higher  initial  leakage  surfaces 
thus  have  the  smaller  percmitage  change  in  leakage  current. 
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CONCLUSIONS 


The  general  results  of  this  experlnent  are  in  good  agreement  with,  the 
theoretical  calculations  for  the  germanium  homogeneous  base  region  pcsrer 
transistors.  If  one  takes  the  arbitrary  damage  end  points  for  the  reverse 
eoUector  current^  Iqo«  and  grounded  emitter  current  gain,  of  an  in> 
cnrease  of  an  order  of  magnitude  and  a  decrease  by  a  factor  of  two  respeet- 
Irely,  the  experimental  results  show  that  for  the  former  this  occurs  about 
5-^  X  10^  nvt,  and  for  the  latter  at  about  0.9~1  x  10^  nvt.  Inasmuch  as 
the  latter  is,  for  many  applications ,  usually  the  moat  iiiQwrtant  device 
parameter^  we  may  see  that  use  of  these  devices  (i.e.  the  germanium  homo¬ 
geneous  base  alloy  type  power  transistor  as  represented  by  the  2N297)  is 
not  reoonmendSd  in  neutron  fluxes  greater  than  10^  nvt.  This  refers  only 
to  the  permanent  damage  caused  by  fast  neutrons,  and  does  not  refer  to  any 
transient  and  or  rate  effects  that  may  occur  as  a  result  of  gamma  radiation 
or  any  other  associated  phenomena. 


The  major  damage,  as  far  as  the  device  perfomanee  is  concerned,  in 
the  alloy  type  homogeneous  base  type  power  transistor,  results  from  the 
deterioration  of  the  minority  carrier  lifetime.  With  respect  to  Ico>  this 
relative  importance  of  the  change  of  Tp^  and  with  radiation  was  shown 
clearly  in  Figure  5.  This  decrease  in  minority  carrier  lifetime  results 


in  an  Increase  in  the  ratio 


^p’p 


It  is  the  increase  in  this  ratio  that 


results  in  the  degradation  of  the  device  parameters,  Iqq  and  This 

•ffeet  can  be  minimized  by  decreasing  Wo,  the  effective  base  region,  so 

w 

that  even  though  ^  (l^  •  — increases,  this  ratio  is  small  enough  so 


P  P 

th&t  reasonable  gain  and  reverse  collector  current  can  be  maintained.  In 
high-frequency,  low-power  devices,  this  is  a  somewhat  iraetloal  solution; 
however,  in  the  fabrication  of  power  devices,  Wq  cannot  be  practically 
reduced  to  any  value  that  would  really  be  effective  against  the  deleterious 
effect  of  nuclear  radiation.  This  is  not  only  because  of  the  limitations 
of  fabrication  techniques,  but  due  to  voltage  punch-through  considerations. 
It  is,  therefore,  advisable  to  go  to  device  designs  other  than  the  homo¬ 
geneous  base,  e.g.,  graded  base  (see  report  titled  "A  Preliminary  Analysis 
of  the  Effect  of  Nuclear  Radiation  on  Graded-Base  Power  Transistors"). 


Another  feature  of  the  radiation  effect  upon  power  transistors  is  that 
devices  that  have  low  initial  minority  carrier  lifetime  with  the  resultant 
lower  Cc))  and  higher  I^o  affected  by  radiation  than  the  higher 

gain,  low  Iqo  unit  (see  Figures  3,  10).  For  some  applications,  the  devices 
with  poorer  initial  performance  might  be  utilized  to  benefit  from  the 
greater  radiation  resistant  qualities  of  these  devices.  For  example,  in 
Figure  3,  a  homogeneous  based  device  with  an  initial  equal  to  about  85 
drops  to  one-half  of  this  value  at  about  5  x  10^^,  whereas  the  unit  with 
an  Initial  of  10,5  has  dropped  to  only  about  9.5  at  this  point,  and 
ttoi,  does  not  reach  the  half  value  until  about  5  x  10^  Of  course,  this 
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Is  not  the  ultimate  8olutl<m  to  the  transistor  radiation  problem^  but  It 
is  a  partial  solution.  Utilisation  of  this  facet  of  device  perforoanee 
under  radiation  conditions  is,  of  course,  dependent  upon  the  needs  of  the 
particular  application. 

Still  another  important  feature  is  the  effect  of  the  radiation  upon 
the  surface  as  reflected  in  the  leakage  currents.  This  phenomenon  is  not 
as  easy  to  analyse  as  the  bulk  properties;  hoKever,  here  again  it  is  noted 
that  the  poorer  surfaces,  i.e.  those  with  higher  leakage,  have  a  sataller 
percentage  change  with  radiation.  It  might  be  possible  to  design  devices 
that  have  fairly  high  "S”  values  (see  equation  1),  but  have  good  Oeb  &nd 
acceptable  values.  This  surface  problem  with  respect  to  leakage 
current  trill  exist  in  all  designs,  b\it  possibly  can  be  minimised.  It  mav 
be  noted  that  by  making  0  (as  for  example,  in  grown  junction  units) 

the  "S"  factor  drops  o\it  of  the  ^ven  equation,  but  these  units  are  more 
prone  to  other  surface  coodltions  such  as  channelling.  In  any  case,  more 
work  must  be  done  to  investigate  the  effect  of  neutron  bombardment  on  the 
surface  of  transistors  before  any  valid  conclusions  can  be  drawn  and  eon> 
Crete  reocosiiendations  made. 

In  ccmelusiai,  it  must  be  repeated  that  if  one  is  to  have  power 
transistors  that  have  and  will  retain  good  device  characteristics  in  high 
neutron  fields  (>10^^  nvt),  designs  other  than  those  of  the  type  investi¬ 
gated  in  this  experiment  will  have  to  be  utilized.  Ultimately,  when  the 
development  of  cos^und  semiconductors  is  sufficiently  advanced  to  permit 
fabrication  of  reliable  devices,  then  transistors  that  utilize  some  of 
these  materials  will  solve  a  number  of  the  problems  associated  with  the 
effects  of  nuclear  radiation  on  germanium  and  silicon  semiconductor  devices. 
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THE  PERFORMANCE  OF  SOME  ZENER  REFERENCE 
ELEMENTS  DURING  EXPOSURE  TO  NUCLEAR  RADIATION 


M.  A.  Xavier 

Cook  Research  Laboratories  Division 
Cook  Electric  Company 
Morton  Grove#  Illinois 

Sixteen  type  1N429  and  sixteen  type  1N430B  Zener 
Reference  elements  were  exposed  to  the  radiation  field 
of  a  nuclear  reactor.  This  paper  describes  the  measure¬ 
ment  techniques  and  the  corrections  made  to  insure  ac¬ 
curate  results  required  in  dealing  with  the  voltage  refer¬ 
ence  elements.  Irradiations  were  performed  at  epicad- 
mium  neutron  flux  levels  of  the  order  of  10^ ^nv^  until  doses 
of  up  to  lO^^nVgt  were  reached.  The  corresponding  gamma 
dose  rate  was  2. 1  x  10^  roentgens  per  hour. 

Detailed  results  are  presented  in  the  paper  and  possi¬ 
ble  mechanisms  of  damage  are  described.  The  reference 
voltages  of  all  the  devices  tested  showed  permanent  de¬ 
creases  of  up  to  2.9  per  cent  although  the  average  of  the 
changes  were  in  the  order  of  1-1/4  per  cent.  The  temporary 
damage  was  generally  about  1/3  per  cent.  The  case  temper¬ 
ature  was  monitored  for  one  sample  in  each  of  the  four  irra¬ 
diations  . 

During  the  past  two  years#  there  has  been  considerable 
activity  in  determining  the  effects  of  nuclear  radiation  on 
semiconductor  electronic  components.  The  emphasis  has# 
however#  been  placed  on  transistors  and  little  information 
is  available  on  other  devices.  This  paper  deals  with  the 
behavior  of  two  types  of  Zener  reference  elements  #  which 
have  found  wide  application  as  reference  voltage  sources 
because  of  their  relative  stability  with  temperature#  small 
physical  size#  and  mechanical  ruggedness.  At  the  time  of 
the  experiments#  two  types  (1N429  and  1N430B  by  Hoffman 
Semiconductor)  were  generally  considered  as  the  best  com¬ 
mercially  available,  so  die  irradiations  were  performed  on 
these  types. 
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EXPERIMENTAL  PROCEDURE 


1 .  Irradiation  Technique 


Sixteen  samples  of  each  type  were  irradiated  at  the  Bulk  Shielding 
Reactor  facility  of  the  Pennsylvania  State  University,  using  the  technique 
described  previously^  and  depicted  in  Figure  1.  The  watertight  aluminum 
tube,  3  inches  in  diameter,  is  supported  vertically  by  a  weighted  tripod. 

A  stop  in  the  tube  permits  centering  of  the  test  samples  with  the  center- 
line  of  the  reactor  core  assembly.  The  distance  between  the  core  and  the 
tube  is  variable  allowing  considerable  flexibility  in  neutron  flux  levels  and 
spectrum  if  desired.  The  semiconductor  devices  are  mounted  on  poly¬ 
ethylene  boards,  and  the  leads  are  brought  out  through  the  top  of  the  tube 
to  the  electrical  instrumentation.  The  lead  wire  used  was  300  ohm  poly¬ 
ethylene  insulated  twin-lead.  The  leakage  current  of  the  twin  lead  was 
considerably  below  the  currents  encountered  in  these  tests. 

2.  Instrumentation 


All  voltages  were  measured  semiautomatically  with  the  simple 
tester  shown  in  Figure  2.  The  meter  used  was  an  Electro -Instrument 
Type  1050P,  which  has  an  accuracy  of  ±1  digit  in  the  last  digit  of  a  four 
digit  reading.  The  diode  voltage  is  recorded  on  a  Clary  printer  actuated 
by  the  voltmeter.  The  voltage  across  the  diode  includes  the  voltage  drop 
across  the  resistance  of  the  cable  between  the  samples  being  irradiated 
and  the  power  supply  and  instrumentation,  and  the  Zener  voltage  is  de¬ 
termined  by  subtracting  the  line  voltage  drop  from  the  total  voltage.  The 
lead  resistances  were  measured  to  three  significant  figures  using  an  im- 
pedamce  bridge  and  the  required  corrections  were  made. 

The  ambient  temperature  and  the  case  temperatures  of  several 
units  were  recorded  using  a  set  of  iron- cons tantin  thermpcouples  and  an 
Illinois  Testing  Laboratories'  temperature  meter  calibrated  for  40  foot 
long  thermocouple  leads. 

The  neutron  dosimetry  was  provided  by  the  staff  at  Pennsylvania 
State  University. 


TEST  RESULTS 

1.  1N429  Reference  Element 


The  1N429  Reference  Element  has  a  maximum  change  in  referencf 
voltage  of  ±0.  05  volt  from  its  value  at  7.  5  ma  (5.9  to  6.5  volts)  and 
25°C  over  a  temperature  range  of  -55^0  to  +100°C.  The  devices  wer« 
irradiated  in  two  sets  of  eight  units.  The  results  .of  the  tests  are 


2 


Figure  1.  Method  of  Reactor  Irradiation 


Figure  2.  The  Semiautomatic  Zener  Reference  Element  Teat  Set 


typified  by  the  curves  of  Figures  3  and  4,  which  show  one  unit  of  each 
irradiation.  It  is  seen  that  the  trends  are  the  sanne  in  both  units.  The 
reference  voltages  decrease  with  increasing  epicadmium  neutron  doses. 
The  reference  element  voltage  decreases  consistently  with  increasing 
neutron  dose  as  shown  in  both  Figures  3  and  4.  In  Figure  4,  it  is  seen 
that  the  reference  voltage  recovers  partially  upon  removal  of  the  devices 
from  the  radiation  field. 

A  summary  of  the  behavior  of  the  16  Type  1N429  devices  during 
irradiation  is  given  in  Tables  1  and  2.  The  reference  voltages  at 
approximately  the  rated  Zener  current  of  7. 5  ma  are  given  as  a  function 
of  integrated  epicadmium  neutron  flux  in  order  to  provide  a  quick  quanti¬ 
tative  view  of  voltage  changes  during  irradiation.  It  is  to  be  noted  that 
the  voltage  variations  shortly  after  insertion  into  the  radiation  field  are 
often  larger  than  the  variations  observed  during  the  remainder  of 
irradiation. 

Fo^^the  16  units  irradiated,  after  a  dose  of  approximately 
0.4  X  10  nv^t  was  reached,  the  reference  voltages  had  decreased  by 

16 

0.  32  to  1.  16  per  cent  with  a  mean  value  ^  A  V  of  0.  90  per  cent 

16 

change.  Fourteen  of  the  16  units  showed  changes  of  0.76  or  greater. 
After  lO^^j^Vgt,  the  changes  were  from  0.34  to  1.79  per  cent  with  a 
mean  value  of  1.11  per  cent.  At  this  dose,  14  of  the  16  units  had  suf¬ 
fered  reference  voltage  decreases  of  0.  84  per  cent  or  more.  Thirteen 
units  showed  better  than  0.94  per  cent  variation.  Temperature  changes 
due  to  gamma-ray  absorption  in  the  case  material  were  found  to  be 
between  3°C  and  6®C. 

2.  Hoffman  Type  1N430B  Reference  Element 

This  type  of  reference  element  is  rated  by  its  manufacturer  to 
have  a  change  in  voltage  drop  (from  its  value  at  a  current  of  10  ma  and 
at  25°C)  of  less  than  ±0.  001  per  cent  per  degree  Centigrade  over  a 
temperature  range  of  -55®C  to  +150°C. 

The  results  of  the  two  irradiations  are  summarized  in  Tables  3  and 
4.  Figures  5  and  6  show  the  complete  characteristics  of  two  typical 
units  during  the  irradiation.  The  reference  voltages  suffer  a  relatively 
large  incremental  decrease  before  low  doses  are  reached  ('^lO^^nVgt) , 
followed  by  gradual  drops  of  the  reference  voltage  as  the  doses  are 
increased  to  greater  than  t  x  lO^^nvgt.  At  approximately  lO^^nVgt,  the 
reference  voltages  of  the  16  units  changed  from  0.  14  to  2.  33  per  cent 
with  1  mean  change  of  1.23  per  cent.  At  5  x  lO^^nVgt,  the  decreases  in 
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Figure  3.  Zener  Characteristics 

IN  429  Silicon  Diode  (NSP) 
Reactor  Irradiation  PD  481 
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Figure  4.  Zener  Characteristics 

IN  429  Silicon  Diode  (NSP) 
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Figure  5.  Zener  Characteristics 

IN  430B  Silicon  Rectifier  (NSP) 
Reactor  Irradiation  PD  502 


■■■■■■■■■■■■■■■■■I 


■■■■■ ■■■■■■■SlsgaaBi I !■■■■■■'  ■>•■ 

■  ■■■■•a ••■■■■•■a ■■■■■■ ■*••■■■ tar  a»aa laaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 


7.  29  X  10  nvg 

After  39  hrs) 


_ aaaaia  •■■■■■■■■■  ••«■*«•■••■!•  •••  f  Ssif^liSSf 

aaaaaaaaiaaaaaaaaaaaaaaai aaaiaaa'  ■  iv  ■■■iiilllfi 
■  •aaaaaaaaaaaaaaaaaaaaaat  aaaiaia  4i<  i«a  laaaar 
•  •aaaaaaaaaaaaaaaaaaaaaa'  aaaaa  aa  «•  ii  aa  «aaaai 


is::s  iaaaiiiaai 

.  _ BaaaaiaaBaBaBaa 

laaa  a  aaaaa  BBBa  aaaaa  ~~~~~ 


BaBBBaBBBaaaBaaBaBaaaBBBBBBBBBBaaaBBBaaiBBBaa aaaaa aaaaB  <aaBBBBBaa aaaaa aaaaa 

BBBBaBBBBBBBaBaiBBaBflBBBBaaBBBBBBBBBaaBBBBBaB  BBBaBBBaaa  iBBBa aBBB ■ BBaal BaBBB 

BBaaB  aaaaa  aaaaa  laBBa  aaaaa  aaaaa  aaaaa  aaaaa  a  a  BB  a  BBaaaaaaa*  ib'-bb  aaaaa  aaaaa  aaaaa 


■  aaaa  aaaaa aaaaaaaaaar ' aaaaaai a i a  aaf  aaaaa aaaaa aaaaBBaaaaaaaaa I 
aaaaBaaaaaaaBBBaaaaar  aaaaaai  ■>  aaaaa aBaaaBMBaBaaaaaaaaBl 

BaaaaaaaaaaaaajaaaaaaaMaaaa  ■  <(  aa  laaiaaiBiaaBaaBaBiBaaaaaBBl 


/  X  lU 

4.  25  X  10^*^  nve 
2. 14  X  10°  r/hr 


iBaaBBaaaB aBBaBBBaaa  c : - aBaaBaa BaaBBaaBaa 
-aaaaaBBBBaBBaaaBaaB iBaaBBBBBBBBBBBBBaaa 
aaBBBBBBBaaBBaaBaaa  laaaa aaaaB BBBaa aaaa a 


aaaa BaaeflaaSaB aaaaa aaaaB aaaaa Saaaa aaaaa aaaaaaaaaaaaaaaaassaBaaaaBBaaaaaaaBaBBBaBaaBBaaaBBBBaaa aaaaB aaaaaBaaBBaaBBBBsaBBBBBaaaaBaa aaaaa aaaaB 


aaBBB aaaaa  aaaaa aBaaa  BBaas aaaaa  aaaaaaBaaa  aaaaaaaaaa aaaaaaaaaa aaaaa aaBBa  aaaaa aaaaa  aaBBaBaaaaaBBBaBBaaaaaBaaaaaaB  aaaaa BBaaa  aaaaa aaBaa  aaaaa aaaaa 
aaaaBBBaaBBaaaaaaBaaaaaBBBaaBBaaaBaaaaaB  aaaaaaaaaa  aaaaaaaaaa  Baaaa  bb8bb  aaaaB aaaaB aBaaa BaaaaBBBaa aBaaa BaaaBBaBBBBBBBBBBaaBBBaaBaaBBBBBBBBBBBaB 
aaaBB BBaaa aaBaa aaBBB BBBBB aaBBB Baaaa BBaaa  BaaBBBaaaB  aaaaaaaaaa  BaaBBaBaaBBaaBB aaaaB bbbbb Baaaa BBaaa bbbbb aaBaa BBBBBaBBBB aaaa a BaBBBBBBBB  bbbbb  aaaaa 

■  ■■■a aaaaa aaaaa aaaaa B8BBB aaaaa BaaBaBaBBi iaaaaaaaaa  aaaaaaaaaa  BaBaaaaBBB bbbbb bbbbb BBaaa aaaaa aBBaa aaBBa aaaaB aaaBB aaaaa aaBaa aaBaa aaaaa Baaaa aaaa a 

•  itaaa  aaaaa  saaaB  aaaaa aBaaa aaaaa aaaa a a aaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa aaBaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaa a aaaaa aaaaa aaaaa aaaa a 
aaaaa Baaaa aaaaa aBaaa aaaaa aaaaa aaaaa aaaaa aaaBBaaaaaaaaaBaaaaBaBaBaBBaBB aaBBB BBBaa BBBBB aaaaa aaBBB BBaaa aaaaa aaaaa aaaaa Baaaa BBaaa aaaaa asBaa aaBaa 
aaaaa BBaaa Baaaa aaaBB Baaaa saBBB aaaaa aaaaa Baaaaaaaaa aaaaaaaaaa aaBBB aaaaB aBBaa BBBaa Baaaa Baaaa BBaBflBeaaa Baaaa aaaBB Baaaa Baa a B aaaBB aaaaa Baaaa aaaaa 
■aaaBBaaaBBaaBa aaaaa aBBBB aaaaa Baaaa aBaaa aaaaaaaaaB aaaaaaaaaa BaaBB BBBBB BBBaa aaaaB BBBBB aaaaa BBBaa aaaaa BBBaa BBBBB aaaaa BBaBBaBBaa aaBBB aaaaa aaaaa 
aaB8B aaaaB Baaaa BlaaB SaaaB aaaaa BaBaaaaaaB aaaaaaaaaa aaaaaaaaaa aaaBB BBBaa aaaaa aaaBB BBBBB Baaaa aaaaa aaaaa aaaaa aaflBB aaaaB Baaai aaaaB aaaaa aaaaa aaaaa 
•BaSaSaaSSSaaSSaBaaS SaaaB aaaBB aaBBBiaaaaBaBaaaaaaaBaaaaaaaa* aaaaa aaaBB BBaaa aaaaB aaBBB BBaaa aaaaa aaaBB aaaaa BaaBB BBBaB BaaBB BBBaa aaaaa aaaaa saaaa 
a aaaa aaaaB  aaaaa aaaaa  aaBaa aaaaB  aaaaa saasa  asaaBBaaBB  aBaaaaaBBs aaaaa asaaB  bbbbb aaaaa  BaaBBBaaaB BaaaaaaaBB a aa aaaa a bb a aaaaB aaaa  aaaaB  bbbb a  BBaas aasaa 
a aaaa Baaaa BBBBB BBBBB BBBBB  bbbbb  bbPbb bbbbb  bbbbb aaBaa  Baaaa aassa  aaaBB bbbbb  aaBaa  BBaaa aaBBB aaBaa Baaaa BsaBB BBBBBaBBBB aBBBB Baaaa aaBBa bbbbb bbbbb Baasa 
aSSaSSSaaaaBBaSBBBBB  aaaBBBBBBa  BfllBBBtBBBBBBBBBBBBa  Baaaa aaBBB aaaaa aaBBB a BBBaBaaBB  bbbbb aaBaa aBBaa bbbbb aaaaBaaBBB aBaaa Baaaa aasBa aaaBB bbbbb BBaas 
a aSSSSSSasSaBaS BBBBB iBaaa BBaaa BBBBB BBBBB  aaBaa bbbbb  aaBBaaaaBB bbbbb bbbbb  aBaaa aaBaa bbbbb bbbbb aaaaB aaaaB aBaBBBBBBBBBBBBBBBBB bbbbb bbbbb BsaaB BBaas 

•  ■■••••aaaa 188888888188888  88888  88888  88888  aaaaaaaaaa  aaaaa  bbbbi saaBi aaaaa  aasaaBBaai laaaBaaaas  aaaaa BBasa  bbbbb aaaaa laaaBaaasB  BaaBB aBsaa 

■  ■•■■•■••■■■••■•■■■■ ■•■••BBaaB  BBBBa BBaas  BaaBaasaaa  aBBBBaaaaB aaBaa asaBa  BBaaBaBBaa  aBBaaBaasa  aaaBB Bsaas  BBaaa BaasB  BaBBBaaaaa aaaaB aaBaa SBBBaaBaaa 


aaaa Baaaa  BBBBB  asaaB aaaaa  BaaBBaasaa aaaaa aaaaB 


Figure  6.  Zener  Characteristics 

IN  430B  Silicon  Diode  (NSP) 
Reactor  Irradiation  PD  515 


reference  voltage  ranged  from  0.51  to  2.90  per  cent  with  a  mean  change 
of  1.57  per  cent.  The  case  temperature  of  the  reference  elements  have 
risen  from  the  preirradiation  value  of  28°C  to  approximately  45°C  at 
lO^^nv  t  (gamma  dose  rate  2  x  10^  r/hr)  and  50°C  after  a  neutron  dose 
of  5  X  lol  ’nv^t  was  reached. 

DISCUSSION  OF  TEST  RESULTS 
1.  General  Diode  Behavior 

The  changes  observed  in  reference  element  voltages  are  smalli  but 
the  behavior  can  be  semiquantitatively  explained  by  examination  of  semi¬ 
conductor  material  and  device  behavior  during  irradiation. 

The  two  types  of  Zener  reference  elements  studied  consist  of 
forward-biased  p-n  junction  diode  elements  in  series  with  the  junctions 
reverse-biased  into  the  avalanche  breakdown  region.  The  forward- 
biased  elements  provide  temperature  compensation  for  the  reference  ele*- 
ments.  In  order  to  explain  the  behavior  of  the  types  1N429  devices  during 
exposure  to  nuclear  radiation,  it  is  necessary  to  examine  the  behavior  of 
forward- biased  silicon  diode  elements  during  irradiation,  as  well  as  the 
behavior  of  the  avalanche  voltage  of  reverse-biased  elements. 

A  voltage  applied  across  a  silicon  p-n  junction  diode  in  the  forward- 
direction  is  divided  into  three  parts: 

+  <1) 

where  Vp  and  are  the  voltages  across  the  P  and  N  regions,  respec¬ 
tively,  and  Vj  is  the  voltage  across  the  junction.  Vp  (or  Vj,^)  can  be 
written  as : 

Vp  =  I(RpCj^)  (2) 

whe  re : 

I  =  the  current  through  the  diode 

Rp  =  the  equilibrium  resistance  of  the  P  region 

C|^  =  conductivity  modulation  factor  which  includes  the  effect  of 

minority  carrier  lifetime  (injection),  the  width  of  the  region 
and  the  level  of  carrier  injection. 
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Conductivity  modulation  is  effective  when  the  density  of  minority  carriers 
injected  into  the  body  of  semiconductor  becomes  of  the  order  of  magnitude 
of  the  equilibrium  majority  carrier  density. 

The  voltage  across  the  junction  Vj  can  be  written  as  : 

Vj  =  ^  In(^)  (3) 

^  •'d 

where: 


K  =  Planck's  Constant 

T  =  Junction  Temperature  in  degrees  Kelvin 
q  =  Electronic  charge  in  coulombs 

2 

J  =  Junction  current  density  =  amps /cm 

s  =  Width  of  junction  {intrinsic  region) 

T  =  Mean  hole-electron  lifetime  in  the  intrinsic  region 

n.  =  Density  of  hole  or  electrons  in  intrinsic  region 

The  avalanche  breakdown  voltage  of  the  reverse-biased  diodes  used 
in  the  reference  elements  can  be  calculated  from  the  empirical  relation¬ 
ship^ 

0.71 

V,  =  75  (4) 

where: 


2. 


the  N- ■region  resistivity 


Variation  of  Semiconductor  Properties  with  Radiation 


It  is  known  that  the  carrier  densities  and  minority  carrier  lifetimes 
are  affected  by  nuclear  radiation.  °  It  has  been  shown  that  the 

rate  of  majority  carrier  removal  in  p  and  n  type  silicon  is  of  the  order  of 
2  per  incident  epicadmium  neutron.  The  maximum  neutron  doses  reached 
were  of  the  order  of  10^®  epicadmium  neutrons  per  square  centimeter, 
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so  that  approximately  2  x  10^^  carriers /cm^  are  removed.  The  avalanche 
breakdown  voltages  of  the  diodes  used  were  in  the  range  of  5  to  6  volts, 
indicating  an  electron  density  of  2  x  10^^  carriers /cm^  in  the  n- region. 
The  change  in  the  resistivity  of  the  region  and  therefore  of  the  break¬ 
down  voltage  is  an  increase  of  approximately  1  per  cent. 


The  minority  carrier  lifetime  in  silicon  is 
radiation^ 


drasticadly  affected  by 


i  =  -y  +K,  J«e 

'  O 


(5) 


where: 

T  -  the  minority  carrier  lifetime  after  exposure  to  a  dose  0^ 

7^  =  the  preirradiation  minority  carrier  lifetime 

K0  =  damage  constant 

=  integrated  epicadmium  neutron  flux 

A  simple  plot  of  the  changes  in  with  neutron  dose  is  shown  in 
Figure  7.  The  relationship  (5)  is  not  rigorously  followed  but  the  trend 
is  relatively  well  established. 

The  damage  constant  K0  for  silicon  has  been  found  to  be  approxi¬ 
mately  3  X  10”^  (sec”^  neutrons”^  cm^)  by  Messenger  andSpratv.  A 
calculation  from  previous  work  on  transistors  1^  the  author has  yielded 
a  damage  constant  of  10“^  (sec"^  neutron"^  cm  This  is  relatively  good 
agreement  in  view  of  comments  by  Messenger  and  Spratt  on  the  possible 
effects  of  materiad  resistivity  and  the  possible  difference  in  the  neutron 
spectra  used  by  different  investigators.  The  lifetime  of  minority  carriers 
in  the  completed  devices  is  not  known  accurately,  so  that  the  difference 
in  these  damage  constants  is  not  alarming  since  only  semiquantitative 
analyses  of  radiation  damage  to  diodes  are  possible. 

The  avalanche  breakdown  characteristic  as  defined  by  Equation  (4) 


shows  that  the  avalanche  voltage  will  tend  to  increase  with  radiation, 
since  ^  will  increase  as  the  majority  carriers  are  removed  with  in¬ 
creasing  neutron  doses. 
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Figure  7.  Effect  of  Neutron  RedintiOB 

OB  MiDOritf  Cnrricr  Lifetime 
in  Silicon 


In  the  forward  characteristics,  the  junction  voltage  will  tend  to 
decrease  with  radiation. 

For  a  given  device  current  density  J,  the  junction  voltages  can 
be  written: 


J  =  Jdi  exp 


2KT 

=  Jd2  exp[  2kt 

or 


exp 


2KT 


[vn- 


'32 


“DZ 

^D1 


2KT  D2 

-  V,_  =  ■= -  In  - - 

J1  J2  q  J, 


'Dl 


The  change  in  junction  voltage  is  then 


AV 


J 


2KT 

q 


^1 

77 


(6) 


Since  is  less  than  T’j,  AVj  is  greater  than  zero;  that  is  the 
junction  voltage  decreases  with  increasing  radiation  doses.  Semiquanti- 
tative  analyses  of  the  changes  in  properties  of  the  1N429  and  1N430B 
reference  elements  can  now  be  discussed. 

DISCUSSION  OF  TYPE  1N429  REFERENCE  ELEMENT  BEHAVIOR 

This  type  of  reference  element  is  made  up  of  one  P  region  formed 
on  each  side  of  an  N-type  wafer  in  a  P-N-P  arrangement.  One  junction 
is  therefore  forward-biased  and  the  other  reverse-biased  into  the 
avalanche  breakdown  region.  The  minoriw  carrier  lifetime  in  the  N 
region  is  very  low,  probably  less  than  10" '  seconds,  so  that  the  unit  can 
be  considered  as  two  independent  diodes  in  series. 
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Assuming  a  preirradiation  minority  carrier  and  lifetime  of  10 
seconds  and  K0  =  10~7,  from  Equation  (5),  the  minority  carrier  lifetime 
decreases  to  7  x  10”®.  seconds  after  a  neutron  dose  of  5  x  lO^^nVgt.  The 
majority  carrier  density  changes  are  negligible  (/~'10^^  <<  10^"^  carrier/ 
cm^ 


■i). 


From  Equation  (6),  it  is  seen  that,  for  the  same  current,  the  junc¬ 
tion  voltage  will  decrease  by  the  order  of  19  millivolts  after  a  neutron 
dose  of  5  X  lO^^nVgt.  After  a  dose  of  lO^^nVgt.  this  junction  voltage 
change  would  be  of  the  order  of  36  millivolts.  After  lO^^nv^t,  the  decrease 
in  junction  voltage  should  be  about  120  millivolts.  The  change  injunction 
voltage  is  much  slower  than  the  decrease  in  minority  carrier  since  Yj  is 
related  to  the  minority  carrier  lifetime  as  the  logarithm  of  the  lifetime. 

It  is  to  be  noted  that  by  lO^^nv^t.  the  resistivity  of  the  N  region  auxd 
therefore  the  avalanche  voltage  has  increased  by  about  1  per  cent  for  5 
volt  diodes  (approximately  50  millivolts)  so  that  the  net  decrease  in  1N429 
reference  element  voltage  will  be  70  millivolts.  (This  represents  approxi¬ 
mately  1  per  cent  of  the  reference  element  voltage). 

Reference  to  Tables  1  and  2  shows  that  at  5  x  lO^^nVgt.  the  decreas¬ 
es  in  reference  voltage  were  from  17  to  41  millivolts  for  the  16  units 
tested.  After  exposure  to  2  x  lO^^nVgt,  from  20  to  50  millivolts.  After 
lO^^nVgt.  the  reference  element  voltages  had  decreased  by  25  to  90  milli¬ 
volts.  These  values  are  in  relatively  good  agreement  with  the  calculations 
made  above. 

The  effects  of  decreased  forward  conductivity  will  tend  to  chamge 
Yp  and  Y^  across  the  P  and  N  regions  but  these  changes  will  be  of  the 
order  of  1  per  cent  of  the  voltage  of  the  forward-biased  elements,  yield¬ 
ing  about  10  millivolts  after  a  dose  of  lO^^nv^t  is  reached. 

The  above  discussion  indicates  that  the  consistent  decreases  in 
1N429  reference  element  voltages  with  neutron  irradiation  is  due  to 
changes  in  the  forward- biased  element  behavior. 

As  stated  earlier,  the  type  1N429  diode  has  a  reference  voltage 
between  5.9  and  6.5  volts.  The  reference  voltage,  at  7.5  milliamperes , 
will  not  vary  by  more  than  0. 100  volt  (±0.  050  volt)  when  the  ambient 
temperature  changes  from  -65°C  to  +100°C.  The  changes  noted  in  the 
reference  voltages  of  the  16  elements  which  were  irradiated  show  that 
these  specification  limits  are  exceeded  in  most  cases.  The  mean  change 
in  reference  voltage  after  exposure  to  approximately  lO^^nv^t  was  a 
decrease  of  1.11  per  cent  of  the  preirradiation  values.  After  0.4  x 
lO^^nv^t,  the  mean  change  was  a  decrease  of  0.895  per  cent.  These 
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values  are  of  the  order  of  magnitude  that  can  be  accounted  for  by  the 
mechanisms  described  above. 

Post-irradiation  measurements  on  8  units  showed  recovery,  i.e.  , 
increase  in  reference  element  voltage  of  approximately  1/3  per  cent.  The 
mechanism  of  recovery  is  not  clearly  understood,  but  it  is  probable  that 
the  recovery  is  due  to  the  transient  effects  of  radiation  on  the  junction 
proper  since  the  changes  are  too  consistent  for  the  small  temperature 
variations  which  were  encountered. 

The  performance  of  1N429  elements  during  radiation  exceeds  the 
specified  limits  in  practically  all  cases  after  an  epicadmium  neutron  dose 
of  10^®nvgt,  even  though  the  temperature  of  the  devices  is  only  6  degrees 
above  ambient  or  room  temperature. 

DISCUSSION  OF  TYPE  1N430B  REFERENCE  ELEMENT  BEHAVIOR 

Over  a  range  of  -65°C  to  +150°C,  the  reference  element  voltage  of 
the  type  1N430B  at  10  milliamperes  does  not  change  from  its  25°C  value 
by  more  than  ±0.001  per  cent  per  degree  Centigrade.  This  temperature 
compensation  is  accomplished  by  use  of  two  selected  forward-biased 
diodes  in  series  with  a  third  diode  which  is  biased  into  the  avalanche 
breakdown  region.  These  three  units  are  press-fitted  into  an  aluminum 
slug  before  encapsulation. 

From  the  discussions  on  the  behavior  of  the  forward- biased  element 
of  the  type  1N429  device,  it  is  to  be  expected  that  this  device  type  will 
suffer  larger  changes  in  the  reference  voltage  since  there  are  two  forward- 
biased  diodes  in  series.  The  avalanche  voltages  (and  hence  the  resistiv¬ 
ities)  of  the  reverse-biased  diodes  of  the  1N429  and  1N430B  are  approxi¬ 
mately  the  same  value. 

Examination  of  the  test  results  presented  earlier  in  Figures  3  and  4 
and  Tables  3  and  4  show  this  to  be  indeed  the  case. 

7 

Assuming  again  a  preirradiation  minority  carrier  lifetime  of  10”' 
sec,  the  1N430B  reference  element  voltage  should  decrease  by  (2  x  36)  = 

72  millivolts  after  an  epicadmium  neutron  dose  of  lO^^nv^t.  Examination 
of  the  results  tabulated  in  Tables  3  and  4  show  that  changes  of  60  to  170 
millivolts  were  recorded  in  the  units  tested.  After  a  dose  of  5  x  lO^^nVgt, 
the  computed  decrease  in  reference  element  voltage,  with  a  case  temper¬ 
ature  of  52°C,  will  be  109  millivolts  minus  the  change  in  the  avalanche 
voltage  which  is  less  than  20  millivolts.  This  computed  value  corresponds 
to  a  decrease  of  approximately  1.  1  per  cent  in  the  reference  voltage.  The 
actual  values  of  changes  in  1N430B  reference  element  voltage  after  the  dose 
were  decreases  ranging  from  0.51  to  2.9  per  cent,  with  a  mean  value  of 
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approximately  1*5  per  cent.  Again,  the  agreement  between  calculated 
and  measured  changes  due  to  radiation  is  relatively  good.  Note  that  the 
percentage  and  millivolt  decreases  for  the  1N430B  are  higher  than  those 
for  the  lN429i  as  expected.  These  values  are  considerably  outside  the 
specified  limits .  The  forward-biased  diodes  which  provide  excellent 
temperature  compensation  cause  the  departure  from  specified  perform¬ 
ance.  Recovery  of  5  to  15  millivolts  is  noted  in  Bie  eight  units  on  which 
post-irradiation  data  were  recorded. 

GAMMA  IRRADIATION 

A  gamma  irradiation  was  performed  at  the  Cook  Electric  Company 
Cobalt-60  facility  in  Morton  Grove,  Illinois.  A  dose  of  2  x  10”  roentgens 
at  a  flux  of  0.  75  x  10^  roentgens  per  hour  caused  no  changes  in  two  1N429 
and  two  1N430  devices.  The  temperature  of  the  cases  rose  a  few  degrees. 

CONCLUSIONS 

Changes  in  temperature  stabilized  silicon  reference  elements  due 
to  neutron  irradiation  can  cause  the  reference  voltage  to  fall  outside  the 
specified  limits  even  at  normal  temperature  conditions. 

The  actual  doses  at  which  the  departure  occurs  will  depend  on  the 
type  of  units  used.  Tests  during  irradiation  are  necessary  since  partial 
recovery  is  noted  several  hours  after  the  irradiation  is  terminated. 
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EFFECTS  OF  ELECTRON  BOMBARDi'lENT  ON  CADMIIW 
SULFIDE  vmiSKERS 

by 

B«  km  Kulp  and  D.  C.  Reynolds 
Aeronautical  Research  Laboratory 
Wright  Air  Development  Center 

ABSTRACT 

Edge  emission  nomally  found  in  large  crystals  of  CdS  is 
not  found  in  CdS  whiskers  and  platelets  in  the  as-grown  con¬ 
dition*  Bombardment  of  these  whiskers  by  700  and  500  ker 
electrons  has  brou^t  out  this  emission*  The  threshold  for 
producing  the  effect  is  being  determined. 

INTRODUCTION 

Absorption  spectra  of  semiconducting  materials  is  characterized  by  s 
rather  sharp  absorption  edge  at  a  wavelength  characteristic  of  material* 
For  CdS  the  edge  occurs  at  about  5^00  A  at  room  temperature*  The  fluor¬ 
escent  emission  spectra  of  those  materials  when  excited  by  ultra  violet 
light  and  observed  at  li(iuid  nitrogen  temperature  generally  has  a  band 
of  radiation  at  the  long  wavelength  side  of  the  absorption  edge*  This 
band  is  conmonly  referred  to  as  edge  emission*  In  cadnivn  sulfide  it 
consists  of  six  lines  and  is  green  in  color.  Edge  emission  has  been  ob¬ 
served  in  many  semiconductors  incltiding  silver  halides^*  germaniun3,  ZnS 
and  ZAO^m 

The  mechanism  of  edge  emission  is  uncertain*  An  early  theory  attrib¬ 
uted  it  to  recombination  of  exoitons5  (coupled  electron  hols  pairs  which 
are  eai>able  of  transmitting  energy  through  the  lattice”).  More  recently  a 
study  by  Lambe*  Click  and  Dexter?  suggests  that  edge  emission  occurs  as  a 
result  of  tbs  recombination  of  a  free  bole  with  an  electron  trapped  at 
aoBW  imperfection.  However*  with  the  present  information  no  conclusive 
statement  can  be  made  as  to  the  identity  of  the  recombination  center*  Tbs 
results  of  tbs  experiments  described  here  should  contribute  greatly  to  tbs 
undierstanding  of  this  phenomena* 
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ECPERIMENTAL  PROCEDURE 


Figure  1  shows  the  crystal  growing  furnace  ased  to  grow  Cadmium 
Sulfide  Crystals  by  the  vapor  doposition  method®,  CdS  powder  is  placed 
in  a  ceramic  boat  in  the  center  of  tho  furnace.  The  CdS  is  evaporated 
and  deposits  as  single  crystals  on  the  coed  plates  at  either  end  of  the 
furnace*  A  temperature  gradient  exists  between  the  center  of  the  furnace 
and  the  seed  plates.  When  it  is  desired  to  grow  whiskers*  the  seed  plate 
at  the  left  is  removed  and  the  CdS  deposits  in  the  form  of  whiskers  and 
platelets  in  the  vicinity  of  the  tube  fonnorly  occupied  by  the  seed  plate* 

Figure  2  shows  some  of  the  large  crystals  after  polishing.  The 
crystals  vary  in  size  but  commonly  are  1/2  X  1/2  X  1/2  inches  or  larger* 
Figure  3  shows  a  whisker  which  is  about  3  microns  in  diameter  and  several 
cm,  long.  Zt  has  a  perfect  hexagonal  cross  section.  The  two  parallel 
faces  are  very  evident  in  the  figure. 

Figure  4  shows  a  platelet  as  grown*  and  Figure  5  shows  a  platelet  with 
a  twin  fault.  The  whiskers  end  platelets  do  not  show  edge  emission  in  the 
a8>grown  condition  except  at  the  twin  fault  line  shown  in  Figure  5* 

Brenner  and  Senrs^  have  postulated  that  whiskers  are  the  result  of 
crystal  growth  from  a  single  screw  dislocation.  Figure  6  shows  the  etch 
pattern  of  such  a  dislocation.  Crystal  gi'owth  takes  place  along  the  spiral 
edges.  Such  a  crystal  should  bo  dislocation  free  except  for  the  one  down 
the  axis  of  tho  crystal  and  should  have  tonsile  strength  approaching  the 
theoretical  limit.  Figure  7  shows  shov/s  a  2,7  micron  whisker  bent  to  a 
radius  of  about  six  microna.  This  represents  a  strain  of  2,4  percent  and 
strength  near  the  thcoroticol  limit.  Figure  8  shows  the  same  whisker  after 
release  showing  no  pcnnanent  strain  in  the  crystal. 

The  first  bombardment  experiments  were  carried  out  with  a  Van  de  Graaff 
generator  with  olectrcn  energies  of  700  Kev  and  500  Kev,  Bomhardments  were 
made  below  room  temperature  end  edge  emission  was  observed  at  liq^uld  nitrogen 
temperature  after  both  bemhardments ,  Current  experiments  are  being  carried 
out  with  the  Cockcroft-V/elton  accelerator  shown  in  Figure  9  ®re  expected 
to  show  a  threshold  for  the  production  of  edge  emission  below  250  Kev,  In 
these  experiments  the  sample  is  held  at  llciuid  nitrogen  temperature  during 
the  bombardment  and  observation. 


DISCUSSICK 

If  it  is  ar.sumad  that  a  sulfur  vacancy  is  responsible  for  edge  emission 
in  CdS,  then  a  250  Kev  threshold  energy  would  indicate  a  displacement  energy 
of  21,4  ev  for  a  sulfur  atom.  Thin  compiros  with  a  reported  25  ev  for 
copper^®,  12*9  ev  for  the  displacement  of  a  germenium  atem^^  and  6*2  ev  for 
the  displacement  of  an  antimony  etem  ir  tte  InSb  le.ttice*^^ 
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Further  work  la  belnjj  directed  tcwerd  a  more  accurate  maosurement  of 
the  threshold  energy  and  a  thorough  Inveatigetlcn  of  th'*  effect  of  electron 
bombardment  on  cedmivm  sulfide. 
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